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AERONAU!FICS BM> AIR TRAFFIC  ONTROL 
SYNOPSIS 
i A study and evaluation i s  made of the broad aspects 
of A i r  Traff ic  Cont ro l  (ATC) and i ts  relat ionship t o  the  fu ture  
of aeronautics. Present ATC techniques of controll ing air 
t raff ic   pr imari ly   by ground personnel are compared w i t h  new 
concepts wherein the pilot becomes a more act ive par t ic ipant  
i n  t h e  air  traffic control process.  These new ATC concepts 
w i l l  require some changes in navigation, guidance and control,  
data exchange, and aircraf t  operat ions.  However, the new concepts 
of fe r  po ten t ia l  f o r  much greater system capaci t ies  t o  cope with 
the existing and rapidly growing air t r a f f i c  problems. Addi- 
t ional goals besides increased capacity are:  (1) more services 
a t  lower costs ;  (2)  ATC services that a re  more equitable avail- 
able t o  a l l  airspace users! and ( 3 )  services =ore suited t o  a 
wide spectrum of environments . 
More elnphasis on t he  p i lo t ' s  pa r t i c ipa t ion  and respon- 
s i b i l i t i e s  in  ATC i s  a complex subject and does - not imply the  
t ransfer  of fu l l  r e spons ib i l i t y  f o r  ATC t o  the cockpit. Rather, 
a new balance between p i l o t s  and control lers  must be developed. 
Suggested ATC concepts of "broadcast-control, 'I which give the 
p i l o t  new funct ions  in  dense t raff ic ,  are  balanced with curreat  
"close-control"  concepts.  This  places  eaphasis on understandins 
t h e   p i l o t ' s  ATC s k i l l s  and l imitat ions,  new pilot  instruments 
o r  displays f o r  executing specific ATC funct ions in  the cockpi t ,  
and the engineering of  new ATC operations related t o  the response 
and l i m i t a t i o n s  of the wide  spectrum of  new aircraf t .  Effect ive-  
ly, more information i s  added t o  a ( a i r   t r a f f i c )   c o n t r o l  
system, that predominantly employs "displacextent" iaformation 
i n  i t s  current control functions. Several technical areas asso- 
) ciated  with  these and other  concepts of ATC are  discussed i n  
1. 
9 -  Sections 11, I11 , and V. 
i I To solve o u r  ATC problems, the "ATC engineer" needs 
new l l too lsJ1  for  design of future  ATC systems a d  equipments. 
The ATC engineer's needs f o r  t e s t  and va l ida t ion  methods are  
iii 
II. . 
barely recognized today. For example,  few if any A!l?C t e s t  f a c i l i -  
t i es  ex is t  tha t  a re  equiva len t  i n  number, cost ,  and qual i ty  t o  
the dozens of sophisticated wind tunnels the aeronautics engineer 
employs i n  creating his professional products.  The na t ion ' s  
missile and  rocket  tes t  fac i l i t i es  a re  another  example of how a 
new technology prospered by using " t o o l s "  f o r  s c i en t i f i ca l ly  
validating designs and concepts. Adequate progress in ATC cannot 
be expected until fa r  be t t e r  t e s t ing ,  va l ida t ing ,  st-4 design 
" t o o l s "  become available. Some candidates for new na t iona l  fac i l i -  
t i e s  for testing various aspects of ATC and related aeronaut ics  
a re  ident i f ied  in  Sec t ion  I V .  
Improved communications between the diverse disciplines 
impacting ATC progress i s  essent ia l .  The s k i l l s  and discipl ines  
of controllers,  electronics,  pilots,  aeronautics,  airport-design, 
system-engineering, flight-control, piloi- displays, regulatory, 
legal ,  safety,  and economic aspects must .a& be integrated f o r  
solving the nation's ATC problems. Section I11 re la tes  e ight  
areas of ATC t o  a total-aviation system concept. Often a given 
goverment agency represents but a few of the maay d isc ip l ines  
above. It i s  urged that an  improvenent in the appl icat ion o f  the 
t o t a l  government resources  in  ATC technology be made, as  no mono- 
poly on solving ATC problems exis ts .  
ATC technology in i t s  broadest sense is  essent ia l ly  
emerging as  a new professional area, with some 40 b i l l i on  do l l a r s  
per decade now planned fo?  opelation and use of the  nat ion 's  ATC 
system. New programs and courses i n  ATC technologies are needed 
in  the  cur r icu la  of colleges and univers i t ies  t o  produce suff i -  
c ient  numbers of qualified graduates 3t a l l  levels (including 
PhD) t o  cope w i t h  current and future  ATC problems. A much b e t t e r  
organized and s c i e n t i f i c  apprdach toward ATC technology i s  needed, 
and t h i s  can come about, at l e a s t  p a r t i a l l y ,  by a coordinated 
e f fo r t  in several recognized colleges and un ive r s i t i e s  t ha t  have 
complementary educational programs. Existing aviation programs 
in  four  univers i t ies  a re  reviewed and suggestions made i n  Section 
V I  as  t o  the means for  acce lera t ing  and improving the nat ional  
leve l  of  producing professionally trained scientists and engineers 
iv 
I -  
i n  the ATC technologies. Professional trainizlg i n  "total-systemsl' 
approach t o  massive systems and urgent problems of the  rea l  
world of air t ra f f ic  cont ro l  would be the goals  of a NASA- 
sponsored university-ATC program. 
, 
The  many interfaces  of NASA's aeronaut ics  act ivi t ies  
with other agencies,  particularly DOT, are noted in Section VII, 
and several  recommendations are  nade f o r  joint prograxs i n  air  
t raff ic  technologies .  The aany resources of NASA i n  the w a y  of 
personnel ,  fac i l i t i es ,  and s k i l l s  that can be applied t o  the 
nat ion 's  M C  problems should be related t o  the similar resources 
of other agencies and industry.  mea w i t h  a l l  resources. combined, 
it i s  qui te  possible  that  the total  R & D resources that are 
especially suited t o  th is  a rea   me  not commens-drate w i t h  the 
magnitude of the problems ahead i n  ATC technology for the next 
two decades. The solution t o  ATC technology now appears t o  hold 
the  key t o  aviation's future.  With enough effor t ,  the  f ract ion-  
ated elements within government, industrg, and the univers i t ies  
required for  i t s  solution can be brought together and focused on  
a progressive national solution. 
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I. INTRODUCTION 
I 
g. ; 
L Although NASA i s  best  known f o r  its outstanding record 
:$ 
If Advisory  Goamittee for  Aeronautics (NACA), was devoted from i ts  
1 
,I incept ion  to   aeronaut ics .  With the  advent of the  space  age, NASA 
j 
I 
/ these  goals have  b en ful ly   real ized.  
i n  space, it has for many yems  had a continuing program in  aero- 
nautics. In f a c t ,  i ts  predecessor organization, the National 
was created t o  rea l ize  the  goals  of a tea-year national space plan; 
Although space w i l l  continue t o  play an important pa r t  
i n  NASA's future,  the aeronautics function of NASA (the first I I A r t  
s tands for aeronautics) i s  becoming increasingly challenging because 
of the many innovations in aviation. The broader term "aviation" 
i s  used here t o  indicate  that the  a i rc raf t  i s  no longer  just  an 
en t i t y  in i t s e l f ;  r a t h e r ,  it i s  a vehicle that i s  no more useful  
t o  society than i t s  abil i ty t o  operate in a modern environment of 
high-density a i r  t r a f f i c ,  low v i s i b i l i t y ,  a t  low noise levels,  and 
w i t h  outstanding regularity and safety. 
The study that i s  discussed in  this report  examines the 
environment of the modern a i r c r a f t  s o  t h a t  t h e  f u l l  meaning of 
"aeronautics" i s  appreciated. The f i e l d  of modern aeronautics encom- 
passes more than just  power plants,  airframes, aerodynamics, w i n d  
tunnels,  etc. ;  it now includes the total  environment i n  which the 
a i r c r a f t  and i t s  p i l o t  must operate. Much of this environment 
requires precise control of  a i r c ra f t  f l i gh t  pa t t e rns  and i s  thus 
electronic  in  nature .  
Radio guidance and control f rom many different  types of 
ground and air sources i s  needed today; this requires several  thou- 
sand  ground f a c i l i t i e s .  Communications, ident i f ica t ion ,  and other 
means of pera i t t ing  the  modern a i r c r a f t  and i ts  p i l o t  t o  operate 
in  today 's  a i rspace are  no longer "aids" but basic essentials. 
When o n l y  a few a i r c r a f t  were operating, say, 30 t o  40 years ago, 
the control of a i r  t r a f f i c  w a s  a minimal problem, since the proba- 
b i l i t y  of co l l i s ion  was small, and the  a i rc raf t  were s o  slow and 
??$ maneuverable that b ig   a i rpo r t s  were unheard o f .  Other  competitive 
1 
fo rms  of t ransportat ion were- then avai lable  that  no longer exist .  
These other transportation forms are now ( in  the  ' 7 0 ' s )  time- 
consuming or uneconomic, placing a larger  nat ional  responsibi l i ty  
on aviation f rom now on. 
A. RELATIONSHIP OF ATC AND AERONAU!jXICS 
Webster describes aeronautics as "The science that  deals  
with the operation of  a i r c r a f t ,  I t  and "The art o r  science of f l i g h t .  
. . . It  These def ini t ions are  still adequate--that i s ,  they encom- 
pass the inpact of several  a i rcraf t  using a common airspace, which 
has created a new and important aspect of aeronautics. ' This "new" 
aspect of aeronautics that  deals with the operation of a i r c r a f t  i n  
limited amounts of  airspace i s  as  s ignif icant  t o  aviat ion as the 
pas t ,  more limited  concepts of aeronautics.  Furthermore, many of 
the older o r  more basic aeronautics issues are well understood, and 
a storehouse of knowledge and f ac i l i t i e s  ex i s t s  fo r  t he i r  con t inued  
exploitatioa,  such a s  wind tunnels ,  t es t  chambers, s t r a c t u r a l  t e s t  
f ac i l i t i e s ,  f l i gh t  r e sea rch  cen te r s ,  e t c .  The  "new" aspect of  aero- 
nautics,  which deals w i t h  the  a i rc raf t  in vanious ATC enviroments, 
i s  re la t ively barren of equ iva len t  t e s t  f ac i l i t i e s  and lacks nuch 
needed validated data.  
Thus, since the early days of operationally useful avia- 
tion--some 50 years ago--the nature of aeronautics has changed 
markedly, and i t s  fu ture  i s  now c lose ly  t ied  t o  improvements i n  
a i r  t raff ic  control ,  a i rports ,  landing systems,  e tc . ,  much as  when 
it was i n i t i a l l y  dependent on developments in airframes and power 
plants.  A s c i e n t i f i c  approach t o  t h i s  phase of aeronautics requires 
a new school of s c i e n t i s t s  and the construction o f  t e s t   f a c i l i t i e s  
i f  v i ab le  ATC solutions are t o  be realized. R & D i s  e s s e n t i a l  i n  
aeronautics related t o  ATC i f  the lack o f  a suitable combination of 
disciplines is not t o  become a ba r r i e r  t o  aviation progress. 
Without t h i s  new and broader concept of "aeronautics" the 
future o f  aviat ion w i l l  be s t e r i l e .  The fac tors  of r u n w a y  lengths, 
dense t ra f f ic  no ise ,  fog  landings ,  sa fe ty ,  a i rc raf t  co l l i s ion  preven- 
t ion,  e tc . ,  have coabined in  the  pas t  few years t o  introduce a new 
2 
concept o f  aeronautics, It is the objective of t h i s  study t o  
illuminate the nature of these new aspects of aviation and aero- 
nautics and t o  emphasize some important new in te r faces  tha t  now 
: i  exis t  between a i r c r a f t  f l i g h t  and the ATC system, a 
i those  nvironaental  conditions  that  are  mostly  electronic. However, 
they n0-d impact s o  strongly on the vehicle  i tself  that  no longer 
can a i r c r a f t  be designed o r  operated without nearly equal attention 
being given t o  these new ATC-aeronautic fac tors  as  was previously 
given t o  such classical  matters as airframes and power plants.  I n  
f a c t ,  the  c lassical  technological  aspects  are  s o  f a r  advanced today 
that  near ly  any " p e  of  a i r c r a f t  can be designed and i t s  costs and 
f l i gh t  cha rac t e r i s t i c s  almost ful ly  predicted before  it actual ly  
fl ies--that is ,  c lass ical  aeronaut ics  i s  now f a r  more s c i e n t i f i c  
than it was 30 or 40 years ago. Consequently, we can now confidently 
conceive and bui ld  a i rc raf t  tha t  w i l l  do nearly anything that society 
requires. We cannot do this i n  ATS technology. In fact ,  the support-  
ing enviromental  aspects that  are now so  essent ia l  t o  aeronautics-- 
such as ATC, a i rpor t s ,  communications, navigation--are fa r  f r o m  
this stage of advanced development and are indeed the  ba r r i e r s  t o  
aviation progress,  jus t  as  power and s.tructures were a short  t k e  
ago. By concentrat ing in  the decade of the ' 7 0 ' s  on this problem 
of creating a T o t a l  Aviation Sgstem of Aeronautics-ATC as a national 
goa l ,  similar t o  our space goals of the  ' ~ O ' S ,  we can realize success.  
A fragmented program w i l l  f a i l .  The  "new" aeronautics w i l l  encompass 
the   fu l l   b readth  of  the meaning of the "science-of-flight ; 'l we can 
overcome these barr iers  of ATC and related matters  just  as  we have, 
i n   t h e   p a s t ,  overcome other  aviat ion barr iers .  
i Aeronautics has not been usually considered t o  include 
B. A BROADER CONCEPT OF AERONAUTICS 
T h i s  report  ident i f ies  several  areas  where the tlscience- 
of-flight"now encompasses a l l  a spec t s  of aeronautics, including, 
f o r  example, a i r  t r a f f i c  c o n t r o l ,  Such an example i s  low-visibil i ty 
landing, where the optimized combination of  p i l o t ,  cockpit displays, 
a i rc raf t  cont ro ls ,  and a new radio landing guidance system is essen- 
t i a l  t o  the solution of  this aspect of the science of modern f l i g h t .  
: 
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No longer w i l l  only v i s u a l  f l i g h t  be adequate, since it would 
r e s t r i c t  t he  r egu la r i ty  and safe ty  of a i r  t rans ;?or t  t o  such an 
extent as t o  seriously degrace i t s  value. With modern a i r c r a f t  
speeds and t r a f f i c  dens i ty ,  t he  "see-and-be-seen" and I'see-to- 
land" aspects of ear ly  aviat ion are  a thing of the past .  Smog 
and recezt environmental limitations and the desire  t o  operate 
i n  low v i s i b i l i t y  have reduced the abil i ty t o  rrsee" adequately 
f o r  track guidance and t o  avoid obstructions and o ther  a i rc raf t ,  
but  visual  aids using controlled lights and opt ics  a re  s t i l l  
required t o  supplement radio transmissions--both are essential. 
Modern electronics,  thus,  is  as essent ia l  t o  the present 
and future operation of an a i r c r a f t  as the engine or the  wings and 
now must be as fully understood and included in  our modern concepts 
of  aeronautics. In f ac t ,  t he  impact of t h e  modern a i r c r a f t  on t he  
electronics  ( that  guide and control i t) is  about equal t o  the 
impact of the electronics  on t h e  a i r c r a f t  i t s e l f .  T h i s  i s  t rue  
not only operationally but economically, because aviation elec- 
t ronics  i s  now a ma jo r  pa r t  of the  t o t a l  cost  of aeronautics and 
i s  on the increase. 
T h i s  r epor t  i den t i f i e s  and develops those areas whose 
extensive capabili t ies can best  be applied t o  broaden and advance 
the science of aeronautics.  Particular emphasis i s  placed on ATC 
because it is considered the most s ignif icant  aspect  of aeronautics 
for at l e a s t  a decade and possibly longer. Large national commit- 
ments t o  new a i r c r a f t ,  a i r p o r t s ,  and airways having a to t a l  cos t  
of possibly 200 b i l l i o n  d o l l a r s  are evidence o f  aviation's accept- 
ance and importance t o  0-ur society. These enormous commitments are  
dependent on solving:new, often unrecognized interfaces between 
a i r c r a f t  and e lec t ronics ,  the  p i lo t s  and the controllers,  the visi-  
b i l i t y  and cockpit  instruments--all  treated but in a nominal manner 
in   t he   pas t .  
I n  f a c t ,  p a r t  of t o d a y ' s  ATC "c r i s i s "  can be traced t o  
the independent route of "classical" aeronautics and the independent 
route of aviat ion electronics ,  which have been separately pursued 
i n  ?,he past .  These independent practices me as archa ic  in  the  
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' 7 0 ' s  as the DC-3 and D C 4 .  Even so m a n y  of our  navigktion and 
' h  ATC concepts and devices stem f rom that  era .  We must now focus on 
l.! the  broader  concepts of aeronautics. Assuming that m a n y  of our 1 st ruc ture  and propulsion problems are behind us) the future of aero- ), nau t i c s  l i e s  i n  the  operational  application of modern a i r c r a f t  i n  [l a complex electronic  and a i rpor t  environment no t  envisioned 20 p d years ago. 
C. ATC MBY DETERMINE AVIATION'S FUTURE 
The modernization of our aviat ion faci l i t ies  (most ly  e lec-  
t ron ic)  t o  sui t  the types and quant i t ies  of a i r c r a f t ,  t o  su i t  the  
wide spectrum o f  airframe costs, and t o  reduce ATC operating expendi- 
tu res  i s  important. What can be a defeat ing f inancial  burden of 
continuing t o  add thousands of employees and thousands of separate 
new ground (ATC) f a c i l i t i e s  can as sure ly  s t i f le  av ia t ion  as i f  a l l  
a i r l i n e s  were forced t o  operate o i l y  DC-3 ' s .  Without a thorough 
assessment o r  t e s t  of newer concepts, there i s  l i t t l e  hope of gaining 
large improvements i n  system capacity a t  lower costs. Examples of 
c a d i d a t e s  t o  achieve this  are  (1) Wide  Area-Nav using, say, 4 or 5 
s ta t ions  t o  cover the nation rather than oyer 1,000 s ta t ions,  (2)  
the use of microwaves for landing guidance rather than cumbersome 
VBF signals,  ( 3 )  creating a general aviation (GA) capabi l i ty  of IFR 
at  extreaely low ( re la t ive)  cos ts  and sui ted t o  dispersed locations 
of thousands of  GB a i rpor t s ,  and (4) providing greater pilot  parti-  
c i p a t i o n  i n  ATC by improved concepts of cockpit displays. Figure 1 
summarizes these potentials.  
The use of modern simulation and val idat ion t o o l s  designed 
f o r  ATC R & D--just as our  missi le  tes t  ranges and wind tilnnels 
a r e  used--is essential t o  aeronautics progress. The goal i s  t o  
validate such crit ical  matters as low-visibil i ty landing and how 
I' t o  design a modern je tpor t ;  va l ida t ion  must take place before the 
i fact--that i s ,  before  the  decision  process  creates a commitment t o  
' 8  
\& implemeat. Quantitative  assurance and technical knowledge of  opera- 
, *  
t i ona l  performance w i l l  be available f o r  decis ions rather  than 
simply building another costly ATC f a c i l i t y .  
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SCANNING BEAM ILS 
'Closer ~ u n ~ a y  spacing 
'Curved noise abatement paths 
'CAT I11 capabili ty 
'Increased airport capacity 
'Civil-military configurations 
'F lex ib i l i ty  in  cos ts  and services 
'Fixed and portable versioas 
using a common signal standard 
LF or VLF WIDE AREA-NAVIGATION SYSTEM 
"4 t o  5 s ta t ions rather  than over 1,000 
OOblique-pa.rallel geometrics 
"No DME"receive only 
'LC)w-cost air and ground systems 
'Coverage t o  surface 
OConstant granularilq 
'Lower maintenance and user   costs  
'Uniform coordinates a t  all lC),OOO 
Airports 
IMPROVED COCKPIT CAPABILITY IN ATC 
'Better pilot-controller re la t ion 
'Area-Nav displays 
'Volumetric landing display 
'Air-to-air  display of common t rack 
' A i r - t  o-ground air-to-air  data exchange 
'Reduced controller functions 
' P i l o t  display of t rack speed 
spacing and proximity 
COMPATIBLE  GENERAL  AVIATION FACILITIES 
"Very very low-cost Area-Nav 
'Transponder-VOR 
'Signal f o r  air-to-air proximity 
"Minimlun ATC services a t  thousands of 
dispersed airf ie lds  
' V I 3  o r  LF rol l -cal l   posi t ion  report ing 
sui ted t o  f l i g h t  and cost constraints 
"S inp l i f i ed   p i lo t   pa r t i c ipa t ion   i n  ATC 
EXAMPLES OF  INCREASED SYSTEM CAPACITY 
FOR LOWER ENIT COSTS 
FIGURE 1 
We a r e  actually in the "trial-and-errorI1 stage in many 
aspects of ATC, i n   s p i t e  o f  the assurances of  many publications 
and simplified analyses that suggest the contrary. Obtaining 
quantified data based on tests in true environmental  conditions 
wi th  r ea l  a i r c ra f t  i s  e s sen t i a l  i n  t he  new rwmds of ATC develop- 
merit. We inust assure that aeronautics Fn i t s  broad sense i s  being ! 
: developed and not   just   another   a i rcraf t  or another  electronic  system; 
the interface between the two may not work w e l l   a t   a l l   i f  each i s  
done in  i so l a t ion  a s  i n  the  pas t .  The future  developments of ATC 
must also avoid the practice of skipping f u l l  val idat ion and going 
d i r ec t ly  t o  t e s t ing  whi le  operating "on-line." Public safety o r  
inconvenience i s  now a t  s take .  Although "on-line" testing, using 
the actual or modified ATC system, was a s m a l l  decision in the 
past  his tory of ATC, it i s  a pract ice  that  has  a tendency t o  be 
carried forward. In  addition t o  public risk or inconvenience i n  
case of failure,  these "on-line" tests cannot yield scientifically 
acceptable data, since the tests cannot be sc ien t i f ica l ly  cont ro l led  
during normal ATC operations. One important example of t h i s  "on-line1' 
t e s t ing  is the lowering of landing vis ibi l i ty  authorizat ions by 
actual airl ine experience,  carrying airl ine passengers in lower  
and lower  v i s i b i l i t y  condibions. Rather than this pract ice ,  which 
i s  non-productive of quantified,  valid data,  an independent t e s t ing  
and validation program u t i l i z ing   na t iona l  t e s t  resources  involv- 
ing publ ic  r isk i s  preferable. Adequate f a c i l i t i e s  f o r  such a pro- 
gram a r e  available from several government agencies and especially 
NASA . 
In  the new aviation environment, a commitmeat as great 
as  150 b i l l i on  do l l a r s  fo r  a i r c ra f t  be ing  dependent on these poorly 
tested concepts i s  no longer acceptable. Before applying new ATC 
concepts or f a c i l i t i e s  t o  the actual ATC environment, they must be 
sc i en t i f i ca l ly  proved by  new means  of validation. Several new nation- 
a l  t e s t  f a c i l i t i e s  must be developed eariy i n   t h e  ATC modernization 
- ' program t o  val idate  the developments that  are  a l ready obvious. 
llOn-linel' ATC t e s t ing  i s  a thing of the past. 
I. - 

11. THE NATURE OF TEE NATIONAL AVIATION SYSTEM 
Several recent reports (see Table I) permit a c learer  
6 view of the effor t  required t o  operate and modernize the exis t ing 
systems of  ATC, Navigation, Landing, A i r p o r t s ,  VSTOL, etc., that 
compose the current national aviation system. Most of these plans 
are based on technology of currently operating systems and equip- 
ments. Furthermore, the potential of some  new concepts, techniques, 
and systems f o r  adding system capacity and perhaps for providing 
more services per unit cost  are  emerging. A good example of the 
modernization and operation of current ATC systems i s  contained in  
the FAA report ,  THE NATIONAL  AVIATION SYSTEM PIAR-TEN YEAR PLAN(l), 
dated March 1970. A n  example of  some  new concepts i s  given in the 
report  of the  DEPARTMENT OF TRANSPOYCATION  BIR  TCRBFFIC CONTROL 
ADVISORY CaiYMITTEE (known as the ATCAC report  o r  the "Alexander" 
r epor t ,  a f t e r  i t s  chairman).  There  are  seveTa1  other  reports com- 
pleted o r  in progress,  such as the ATA, FAA, and SRDS reports,  and 
the "National Aviation System Policy Summary." Work of interagency 
advisory groups such as the several special committees (SC)  of the  
Radio Technical Commission for Aeronautics (RTCA), a l so  a id  in  
projecting several  special  areas such as  a new microwave landing 
system (sc-117). 
1 
Many other reports exist within given agencies, or as 
inter-agency matters (such as the DOT-NASA CARD comaittee) and the 
National Academy of Ehgineers ad-hoc committees. The Congress has 
issued several  reports on  hearings into aviation systems, ATC, 
user taxes,  safety,  etc.  The various interdepartmertal  relations 
and, of course, the recent passage o f  the Aviation Trust Fund 
(Public Law 91-258) a re  fu r the r  examples of the aGtention being 
given t o  this  subject.   This law, i n  p r inc ip l e ,  w i l l  es tabl ish 
by means of a user tax (as  in  the  case  of the  highway funds) con- 
s is tent  sources  of income for the operation and modernization of 
'.5. airways, ATC systems,  and airports .  
One convenient w a y  t o  focus on the estimated magnitude 
of the ATC-Aviation system program f o r  the next two decades i s  t o  
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TABLE I 
mPORTS OI? OFERATION BmD MODERNIZATION 
OF NATIONAL AVIATION SYSTEM 
W O R T  TITLE A G E X X  REPORT CONTEDI STJMMARY 
I. Report of Department DOT Improved SSR system, new microwave  scanning-beam ILS, and 
of Transportation closely spaced multiple runways for increased   t ra f f ic  a r e  
A i r  Traffic Control noted. S a t e l l i t e s  and co l l i s ion  avoidance  systems  are 
Advisory Committee not recommended. Flight paths avoiding communities are 
Volumes I and I1 possible with new guidance f a c i l i t i e s ,  lowering noise- 
pollution. A data  link t o  the aircraf t  using the SSR 
interrogate path i s  suggested. 
11. The National  Aviation PAA A detai led summary of the many elements t ha t  make up the 
System Plan 1971-1980 current  system and their   increase i n  numbers o r  performance 
d levels.  FAA manpower and f a c i l i t i e s   a r e  estimated,  costing 
0 about 18 b i l l i o n  d o l l a r s  f o r  ten years.  This i s  a well 
presented document portraying the current FAA thinking on 
ATC f a c i l i t i e s  and related matters.  
111. The National  Aviation FAA This  report complements the above report   in   descr ibing 
System Plan - Policy  the systems  operatiori as viewed by the FAA. Present and 
S m a r y   f u t u e concepts of navigation,  tr ffic  control and airport  
developments are given. 
I V  . Civil  Aviation R & D DOT/NASA A broad  review of civil aviatiozl R & D i.s undertaken t o  
Policy Study identify the public benefits  f r o m  aviation, i t s  costs  and 
(under  preparation) i t s  r e l a t ion  t o  a "tocal" transportation system. The 
impact ol" new aeronautics and electronic technology i s  t o  
be examined and a recommendation made t o  appropriate agen- 
c i e s  and Congress f o r  a national plan f o r  aviation. The 
vehicle ,  a i rports ,  and ATC a r e  ident i f ied  as major Inter- 
faces of aviation. 
REPORT TITIE AGENCY 
V. Recommendations fo r  A i r  Transpor- 
a National A i r  Traffic ta t ion Asso- 
Management System ciation of 
America (ATA) 
V I .  Civil Aviation Aeronautics 
Research and and Space 
Developnent: Engineering 
a.Air Traffic Board (of the) 
, Control  mati  onal Aca- 
d b . Airport and  de y of  Engin- 
4 Support Faci l i t ies   eer ng I 
I c.Economics of 
Civil Aviation 
d.Aircraft noise 
e.Problems  and 
recornmendations 
V I I .  A i r  Transportation The Transpor- 
1975 and Beyond- ta t ion  Work- 
A- System Approach  shop (reported 
by the MIT 
Press)  
RXPORT CONTEXTT SUMMBRY 
A report b7 t h i s   a i r l i n e  group on t h e i r  views on how 
today's ATC system should be "remodeled" t o  handle @ 
safely and eff ic ient ly  the eqected growth of aviation. 
Several recommendations are made re la t ing  t o  Area-Nav, 
col l is ion avoidance, airspace designations, data link, 
autoaated SSR-data processing, etc. 
The maray problems of  c ivi l  aviat ion are  assessed and 
recommendations made that their   solut ions be undertaken, 
including preferred assignments t o  agencies such as 
NASA and DOT. This report notes that the FAA i s  
oriented primarily toward regulatory and operational 
aspects. Sources of new tecbologies  (coming fron DOD 
and NASA) are needed as are ewauded and broadened 
aeronautic responsibilities f o r  NASA. 
A i r  t ranspor ta t ion   eqer t s  from government and private 
sectors joined in an "ad-hoc" study of air transporta- 
tion. Six panels on socio-economics, air vehicles, 
ATC, a i rports  and terminals, mixed-modes, and government 
policies prepared sections of the final report. Several 
areas are  well illuminated with charts and notations. 
This 500-page book gives a good overview. of aviation's 
problems. 
mPORT TIT= AGENCY REPORT CONTENT SUMMBRP 
V I I I .  U. S. Congress Selected Commit- These reports  provide many insights  i n t o  the  views 
a.Po1icy planning f o r  tee  reports  of of the  Congress and Administration relating t o  avia- 
aeronautical R & D the Hoxse  and tion, aeronautics, and ATC. The costs of R & D are 
b.Issues and directions Senate reviewed bs  these commit tees. It i s  noted that a 
f o r  aeronautical x&D 
policy 
c.Aeronautical B & D 
d.Aeronautical research 
e.Aviation f a c i l i t i e s  
maintenance and 
development 
f.A&ninistration's 
proposal on aviation 
user charges 
g.9roblems confronting 
the FAA in  the  devel- 
opment of a i r  t r a f f i c  
control systems f o r  
the 1970' s 
h.Federa1 transporta-: 
t i 0 2  expenditures 
I X .  Department of Defense DOD 
ImDact on the National Office 
"national ilm" for  aviat ion and i t s  re la t ion  t o  
other forms of transportation i s  required. The avia- 
t i o n  views of federal  agencies,  industry,  state gov- 
ernments, a i r l ines ,  p i lo t s ,  mi l i ta ry ,  and general 
aviat ion  are  more readi ly  reviewed in   t he   may   r epor t s  
of the Congress than  elsewhere. The in t e re s t  and 
concern of Corgress about aviation and ATC are very 
apparent. 
This 30D paper i s  one of the few avai lable  that  summa- 
of the   r i ze s   t he  Defense Department view of ATC. Military 
A i >  Traffic Control Secretary of a i r c r a f t  must use a system of  ATC t h a t  i s  l'commonl" with 
System Def ease  that of t he   c iv i l   u se r s   i n   t he  U.S., and this is  
(AIAA paper 69-1113) extended wherever possible overseas t o  avoid a i r c r a f t  
and ground units supporting two separate U C  systems. 
The large impact of DOD f o r  a t  l e a s t  one t o  two decades 
more i s  outlined as well as their  large investments in 9 
a comon ATC system, and their  plans t o  assist with new 
termjnal area a d  landing system  developments. The 
nearly 409 a i rpor t s ,  30,000 a i r c r a f t ,  and perhaps 30,000 
personnel associated with 0.21~ D O D I s  portion of ATC is 
signif icant  i n  my national plan. DOD resources t o  aid 
i n  a national ATC system are  pledged. 
REPORT TITI23 AGENCY 
X. Northeast Cor r ido r  CAB 
VTOL (VSTOL) 
Inves%igation 
4 
W 
XI. Microwave Scanning RTCA - 
Beam Landing Radio 
Guid anc  e Sys t em Technical 
Special Committee Commission 
117 (sc-117) f o r  
Aer on.mt i c  s 
The use of VSTOL a i r c r a f t   i n   t h e  Northeast Cor r ido r  
of the United States i s  examined and the need and 
feasibi l i ty  for  these aircraf t  are  evident .  Relief 
from congestion and overloads of AIC and airports  in 
New York alone would prevent what was estimated by 
some t o  be a 500 million d o l l a r  per year l o s s  t o  New 
Pork's economy. Air-ports, air t raff ic  control ,  and 
the vehicle were ident i f ied as the technical items 
tha t  could lead t o  off-loading major je tports  by 
diverting from 20% t o  40% of the passengers t o  VSTOL 
airports ,  VSTOL diversion essentially adds CTOL 
capacity and delays the need for   cost ly  CIOL airport  
expansion. 
After some 30 months, all government agencies (and 
industry) prepared a plan f o r  a new landing system. 
A recent (Sept. 5, 1970) report on a provisional 
signal format fo- a new multifunctional landing system 
contains a plan f o r  s ta r t ing  R & D on a national basis. 
All users ,  a t  different  economic levels;  all vehicles, 
including small a i r c ra f t ,  VSTOL and CTOL; a l l  a i rports  
from jetports  t o  remote s t r ip s ;  and all military 
t a c t i c a l  needs can theoretically be sa t i s f ied  by 
seven "configurations. '' The system is conceptually 
the 7 configurations using common CW carr iers  (C and 
Ku bands), comon modulation (tone-CW) and common 
"dwell-tkaes" f o r  air data processing of many angle 
data signals i n  a single receiver. 
review i t s  estimated costs. The FAA "'Pen Year Plan" summarizes 
the costs  a% 18.2 b i l l i o n  d o l l a r s  f o r  1971-1980 ( report  I 
of  Table I). This FAA document indicates   the breakdown of 
c o s t s  i n  many categories and i s  perhaps as indicat ive of the current 
direct ion of e f fo r t  as any. It effectively projects increased capa- 
c i t y  by increasing the number of control lers ,  control  sectors ,  
radars, data automation, navigation and landing ai:ds, comunications 
and airports .  'Phis plan adds l i t t l e  that i s  new during this 1971- 
1980 period, but allows some funds f o r  R & D o f  some  new items such 
as a new Microwave Landing System, Collision Avoidance Systems, and 
Airport  Smface Control  faci l i t ies .  The question of the adequacy of  
t h i s  R & D plan w i l l  be reviewed l a t e r .  
Perhaps the two most  in terest ing matters  i n  the 18 b i l l i o n  
dol lar  f igure are  what i s  included and what i s  n o t  included. A t o t a l  
of  12.6 b i l l i o n  d o l l a r s  i s  included for operation of the system by 
the FAA, reaching about 82,000 employees in 1980 of which about 
46,030 are  control lers  and about 32,000 are associated with aviation 
f a c i l i t i e s  ( i n s t a l l a t i o n  and maintenance).  Thus, as seen in  F igure  
2 by f a r  t he  l a rges t  s ing le  FAA costs  a e  operating costs. For 
example, R & D (FAA only)  i s  est imated at  0.6 b i l l i o n ,  airways at  
2.5 b i l l i ons ,  and a i rpo r t s  at 2.5 b i l l i o n s  (of a 5-billion dollar 
total--local governments supplying the other 2.5 billion). Figure 
2 s -mar izes  these  and other costs. 
A pa r t  of the total-national costs,  but no-t; included in 
t h i s  FAA f igure,  are  the many addi t ional  costs  that  are  as essent ia l  
t o  a workable national plan as those estilnated by the FAA. These 
non-$st-imated costs  include the expendi tures  for  the aircraf t  instru-  
mentation that w i l l  be needed for increased capacity, such as Area- 
Nav, Data Links, New VORTAC (airborne equipments for Doppler-VOR, 
and new channelization), Microwave ILS receivers and t ransmit ters ,  
new p i lo t  d i sp lays  for  new services, collision avoidance, and proxi- 
x i t y  warning  units. 
Another area of large costs  re la ted t o  the 10-year p lan  
and the ATCAC p l a s  includes the thirty thousand (approximately) 
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OTHER EXPENDITURES 
20 BILLION FAA EXPENDITURES 
600 
Million 
15 BILLION 
" 
12.6 
Bil l ion 
10 BILLION - - 
5 BILLION - - 
2.5 
Billion 
2.5 
Billion 
(mostly  ground 1 
~~ 
PERATIONS 
AIRWAYS 
FBE 
41RPORTS 
(50  70) 
X D E R A L  
- 18.2 
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mili tary aircraf t .  Usual ly  the Defense  Department j o ins  in  the  
FAA implementation plans because of the use of "cornon system" 
concepts wherein non-tactical missions use l'comon'f civil-military 
f a c i l i t i e s  h e r e  and abroad as nuch as practicable. This comonalitg 
i s  recognized in the  FAA and t r u s t  fund legislation, Rather than 
a separate system fOT mi l i ta ry  AT2 use, a common solut ion is pro- 
posed f o r  ATC a ids   i n   mi l i t a ry   t r a in ing  and aircraft  novenents 
throughout the world (since ICAO and FAA stamlards are usually 
s imi la r ) ;  t h i s  w i l l  obviously resal t  in  lower national costs.  
Avoidance of  jaxming o r  radio interference between m i l i -  
t a ry  and c i v i l  systems using the same rapidly dwindling radio chan- 
ne ls  i s  also qui te  essent ia l .  A few gears ago a separate mili tary 
system used t h e  sane radio band as a separa te  c iv i l  system, creating 
jamming  and negating the value of 'both  systems.  Furthermore, c i v i l  
and mi l i ta ry  a i rc raf t  could  n o t  use the other party's systems 
because o f  technical  incompatibilitieg. Once t h i s  impasse was 
r e so lved  a f t e r  b i t t e r  and costly controversy, the "cornon" c iv i l -  
military approach has usually prevailed i n  new plans. Commonality 
of  c iv i l -n i l i t a ry  ATC i s  a delicate balance,  but it must be retained. 
The Secondary Surveillance Radar (SSR) system of  trans- 
ponders and automated ground processing of  a i rc raf t  t ransmi t ted  
da ta  ( ident i ty ,  a l t i tude ,  and posit ion) f o r  controller display is 
a xodern exmple of how well a "common" system ca31 work. If the 
DOT and DOD are encoxaged t o  plan on  common usage, procurement, 
t es t ing ,  e tc . ,  commonality i s  assured. In t'ne SSR case, both have 
benefited enoraously f r o m  the  jo in t  e f fo r t ,  and th i s  s t ands  a s  a 
model f o r  sevel-al upcoming ATC programs for  these  two users  of the  
airspace. 
However, the cost  of oa t f i t t i ng  the  mi l i t a ry  a i r c ra f t  
f l e e t  f o r  using the coamon ATC f a c i l i t i e s  o r  m y  mil i ta ry  AT2 faci-  
l i t i e s  i s  n o t  included i n  the 18-bil l ion dollar FAA f igure ,  n o r  is 
the cost of outf i t t ing the soae 4,000 a i r c r d t  of t he  a i r l i ne  f l ee t .  
The 1971-1980 general  aviation aircraft  population i s  composed o f  
many elements, but the owners of several thousand business jets 
and multi-engine aircraft  ( that  operate shi lar  t o  a i r l i n e r s  and 
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are  as fully instrumented as most  a i r l i ne r s )  a r e  a l s o  required 
t o  buy and install the many new electronic  equipments ~ L L  order 
t o  derive benefits  from, and t o  comply w i t h ,  the  FAA plans. for 
Area-Nav, New US, New VOR'PAC's, Data Links,  etc. Some 150,000 
t o  200,000 single-engine aircraft  w i l l  a l s o  require costly elec- 
t ron ic s  fo r  ATC during 1971-1980, adding t o  "other" costs. 
Another area n o t  included in   the   18-b i l l ion  FAA estimate 
i s  tha t   t he  militarg w i l l  continue t o  operate many major bases 
hers and abroad in which the 30,000 m i l i t a r y  a i rcraf t  operate .  
In the  case of ATC, navigation, etc., they usually adhere t o  the  
same f a c i l i t i e s   a s   t h e  FAA, but are budgeted in the DOD budget 
and would thus not be included i n  the FAA budget. T h i s  mil i tary 
cost would include about 13,009 control lers ,  an equal number of 
electronic-ATC maintenance personnel, almost 400 a i rpor t s ,  and 
nearly a thousand f a c i l i t i e s  such as Badcons, RATLCS, TACAN, GCA, 
ILS radars, etc.  
Although individually small, the some 150,000 t o  200,000 
single-engine and l ight- twin aircraf t  o f  general aviation (exclud- 
ing the business aircraft  noted above) are a large cost  factor  
in  the pr ivate  sector  s ince the addi t ion of ,  say, several thmsands 
of do l la rs  of  avionics t o  each aircraf t  i s  a par t  ol" SUT natiollal 
ATC investment. A s  noted previously, the 2.5 b i l l i o n  d o l l u s  i n  
local funds f o r  a i rpor t s  ( typ ica l  59% matching funds f rom FAA) 
aust  be added t o  the FAA's 2.5 b i l l ion ,  to ta l ing  5 b i l l i o n  t o  
complete eve3 a crude e s t h a t e  0.f a t o t a l  natio.na1 cost f o r  the  
program i n  t he  ten-year plan. 
A. Tor& SYSTEN ESTIMATED COST IS 4-0 BILLION DOLLARS FOR 1971-1980 "- " . . ~. 
Without fur ther  de ta i l ing  the  a i r l ine  equipment costs ,  
- 
the  mi l i ta ry  a i rc raf t  equipment costs,  the mili tary personnel and 
ground systea costs,  and the geaeral aviation costs, it is  quite 
l ike ly  tha t  they  w i l l  equal o r  exceed 18 b i l l i o a  dol lars .  Person- 
ne l  cos t s  fo r  t he  mi l i t a ry  AACS and air l ine services  are  typical  
additional items, as is  the inclusion o f  costly maintenance o f  
airborae equipment and  gro-dnd checkout  equipments.  Replacenent 
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of units during the ten years must a l s o  be considered. It i s  
expected that many o the r   ac t iv i t i e s  budgeted i n  other areas w i l l  
be essent ia l  t o  support such a large t o t a l  nat ional  ATC program 
that i s  about half government and half private  in i ts  funding. 
Thus, in  genera l ,  the  t o t a l  cost  for the  next decade of ATC w i l l  
be about 40 b i l l i o n  d o l l a r s  on a t o t a l  national basis (Figure 3)-  
It is  Dot l i ke ly  that the costs  i n  the  1980-1990 decade 
w i l l  be any lower, and they must also be considered since the 
national ATC and a i rpo r t  systems a r e  continuing matters, not national 
p ro jec t s  t ha t  me  s l a t ed  f o r  a given objective which, when real ized,  
r e su l t  in cu ta i lmen t  of spending such as often cccurs in Space 
and DePense. A s  a matter of fac t ,  the  cos ts  can  be g rea t e r  i n  
the 1980-1990 decade, since keeping ATC running 24 hours  da i ly  and 
somehaw adding new elements t o  greatly increase capacity i s  more 
costly than simply shutting a system dodn  and replacing it. Several 
years of dual operation of  the  ''old" and "new" are  essent ia l ,  
to ta l ing  one 3r two decades before airborne units are  ful ly  cmpat-  
i b l e  with the "new" ATC service. 
Hopefully, new R & D outpzts w i l l  provide some r e l i e f  
froa overloaded ATC s y s t e m  s t a r t i n g  i n  1975 but w i l l  extend into 
19.35 for ful l  implenentat ion,  New a i rpo r t s ,  w i t h  concepts that 
inherently have much greater capacity fox' growth than the current 
ones, w i l l  a id  the total  capaci ty .  The costly implementation of 
new ATC fac i l i t i ea ,  naviga t ion  a ids ,  communications, and a i rpo r t s  
w i t h  mtoaated surface control  in  the aext  (1980-1990) decade aay 
increase the t o t a l  costs  beyond the 40 bil l ions est imated f o r  the 
present decade.  Thus, an 80-billion dollar f igure may be more 
r ea l i s t i c  s ince  a 23-year cycle i s  typ ica l  f o r  a v i a t i o n  f a c i l i t y  
R & D ,  validation, procurement, implenentation, operation, and 
user procureinerrL of the associated airborne units and some ICAO 
staadmdization. Obviously, mei311s f o r  accelerating R & D and 
validation would accelerate the modemization; however, any a t teapt  
t o  c i r c u v e n t  f u l l  v a l i d a t i o n  of m c h  a coaplex sys-kea is  dangezous 
and can cause faul ty  decis ions.  
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B. TECXNIQUES WITH MAJOR CAPACITY I K P R O ~ T S  MUST HAVE €!3103ITY 
It becomes obvious that anything that adds large aao-mts 
of capacity t o  the  ATC system, o r  red-wes the  enormous impleme2ta- 
t i o n  o r  operational costs,  w i l l  have a large impact 03 control l ing 
.the future trends of  the national aviation system. I f  t h i s  new 
trend i s  not pursued, it i s  possible ATC cost-s w i l l  become s o  exces- 
sive as conpared with gains or benef i t s  tha t  av ia t ion ' s  growth 
w i l l  be s t i f l ed .  A t  least these developmmts should be focused 
on preventing costs fro= cmtiauously increasing. Sone examples 
of possible R & D e f f o r t s  aimed i n  this d i rec t ion  w i l l  be c i t ed  
i n  t h i s  r e p o r t .  Furthermore, the credibility of the national ATC 
plan i s  Je t  t o  be fu l ly  es tab l i shed ,  par t icu lar ly  those  par t s  o f  
the  ATCAC report  that deal with increasing systea capacity (where 
it is most urgent) a t  the large je tports  by using mult iple ,  paral le l  
r u n w a y s  with simultaneous, closely spaced, curved IFR approaches. 
Here we must face the interact ion of  t h e  a i r c r a f t  and p i l o t ,  and 
t h e  h t e r a c t i o n  of the  p i lo t ' s  d i sp lays  wi th  %.he control ler ' s  dis-  
plays. 
There i s  no guaranty in the TAA o r  the ATCAC p l an  tha t  
the 18-bil l ion dollar ATC cost  w i l l  i n  r ea l i t f  c r ea t e  the  r equ i r ed  
additional ATC capacity and positively assure aviation's continued 
growth. T h i s  i s  true because m a n y  basic pilot-sircraft-cockpit  
display problems are usually oxtside the realm of the FAA budgets. 
I n  s p i t e  o f  this, val idat ion means must be established by agencies 
such as NASA, s o  that  the aircraf t -9i lot-display par t  of the  system 
i s  solved, assuring that aerodynamics, handling properties, safety, 
runway configurations, and many human fac tors  ( involv ing  p i lo t s  of 
a l l   s k i l l s  f rom a student pilot  through a profess iona l  a i r l ine  
o r  mi l i ta ry  p i lo t )  a re  not  oveTlooked in  the  p l an .  
The complexities of a plan for a t o t a l  national investment 
of possibly 80 b i l l i o n   d o l l a r s  over two decades for aviation systems, 
exclusive of  t he  a i r c ra f t ,  a r e  such t h a t  the n o s t  advamed of system 
engineering concepts must be applied t o  the plans and the i r  va l ida-  
t i o n  conpleted before the l a rge  iq lementa t ion  and operating costs 
are incurred. A few tens  or hundreds of m i l l i o a s  spent in the  
20 
next few years f o r  ATC validation-testing, t o  assure a b e t t e r  
re turn  on investment, can pay enormous dividends over the two 
decades. 
If the operational costs for the  next  two decades, 
involving payrolls for perhaps 100,000 t o  120,000 FAA, DOD, and 
other personnel, cuuld be reduced by 10% by a b e t t e r  ATC system, 
there would be a possible 3 t o  5 bi l l ion dol lar  savings.  Conse- 
quently, system engineering and system val idat ion must be accele- 
rated before the major  implementation plans are t o o  fa r  advanced. 
Although l i t t l e  can probably be doDe for  the  1970-1975 time period, 
some changes could be hplemented toward the end of the 1975-1980 
time period that could assure lower operating costs and/or more 
capacity per unit  of system cost during the 1980-1990 time period. 
Long lead t imes are characterist ic of new Aviatioa Systems. 
Most o f  the  s ignif icant  ATC advances are achieved w i t h  cooperative 
type electronic systems where all a i r c r a f t  must be equipped t h a t  
plan on using the cooperative ground ins t a l l a t ions ,  Conplete 
specif icat ions and standards must be available s o  that the  a i r -  
borne half of  a system  matches the  ground half. Cooperative elec- 
t ronics  and devices rather than non-cooperative devices are the 
natural  and logical  t rand toward the solution of  ATC system problems. 
T h i s  means more elaborate plans f o r  R & D and implementation. 
The FAA normally handles the ground un i t s ,  and the industry (often 
with DOD assistance) develops the airborne counterparts. 
Simply economizing on ground f a c i l i t i e s  i s  n o t  r e a l i s t i c  
i f  resul tant  high costs  are  incurred by airborne usem of the A.TC 
transmissions. An optimum select ion of ground f a c i l i t i e s  t o  ho ld  
airborne costs down while providing significant capacity improve- 
ments should dozinate a l l  AT8 R & D plans. Safety standards are 
always retained or improved. Fai lures  of  most noa-cooperative 
plans (or equipments) f o r  ATC emphasize the need f o r  a 
better understanding of modern, f u l l y  co.3pe.rative  systems.  "Self- 
contained'' (airborne-only or ground-only) col l is ion avoidmce,  
G 
navigation, and l a d i n g  d e v i c e s  impose serious ATC constraints  
i n   t e r m i n a l   a e a s  and should be avoided even though they a& 
21 
p o l i t i c a l l y   a t t r a c t i v e   ( s i n c e   u n i l a t e r a l   a c t i o n  i s  often possible 
ra ther  than cooperative bi-lateral  action).  Some of these devices 
m a y  serve as supplemental aids t o  primary systems but should n o t  
de t rac t  from increased emphasis on the basic cooperative systems. 
a 
C. NASA's PARTICIPATION I N  THE NATIONAL ATiIATION SYSTEM DEVELOPMENT 
'PROGRAM 
M a q  of the basic questions concerning the extension of 
the present sgstem, or replaceinent of p a r t s  of it, r e l a t e  t o  the  
lnodern a i r c r a f t ,  i t s  fl ight perfornance, and t h e  p i l o t s  that f l y  
it. The s p e c t m  of a i rc raf t   types  and speeds from slow VSTOL's, 
the single-engine CTOL, he l icopters ,  th rough a i r l ine  je t s  and 
supersonic fighters and t ransports  aust  a l l  be served by the 
nat ion 's  ATC f a c i l i t i e s .  If, f o r  exmple, a few DC-3 a i r c r a f t  
represented  the  a i r l ine  f lee t ,  the  vIEF/ILS might suffice.  However, 
with the jet transport--becazse of i t s  f l i gh t  cha rac t e r i s t i c s ,  
s ize ,  and economics--it i s  apparent that an en t i r e ly  new ILS using 
microwave scanning;,beams must be introduced, since the VHE' szsten 
cannot be "stretched" further,  as it has been in  the  pas t .  
Other similar examples include the density of j e t  t r a f f i c  
between major service points and i n  terminal areas, creating the 
desire t o  introduce direct  ro-dtes ,  paral le l  t racks,  e tc . ,  us ing 
Area-Nav concepts rather thaa a se r i e s  of r ad ia l s  emanating frm 
a somewhat randomly located set  of polar coordinste origins. One 
can c i t e  m a q y  more similar cases where the conplexities of the 
modern a i r c r a f t ,  i t s  p i lo t ing  problems,, the  t ra f f ic  cont ro l  prob- 
lems of serving many o-T then  in  a limited airspace require a much 
broader approach t o  t o t a l  val idat ion of selected aviat ioa system 
of various types than merely the electronics aspects only.  NASA 
has a log ica l  and important role t o  play in these validation prob- 
lems, and we w i l l  iden t i fy  many areas suited t o  NASA's experience, 
resources, personnel, and accoaplishmeats. 
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D. AIR AND GROiJND COSTS ARE. ABOUT EQUAIF-R~QUIRING VALIDATION 
OF BOTH pmrs _I
Basically,  the national aviation and ATC system is  about 
equally divided in costs (say,  about 20 b i l l i oa  do l l a r s  pe r  decade 
i n  t h e  air, avionics, avionics personnel, etc.,  a d  a s i m i l a r  20 
b i l l i oa  do l l a r s  pe r  decade iil ground f a c i l i t i e s  and services). 
One can examine half of the plan (mostly ground oriented) as i n  
the FAA and ATCAC doc-ments. However, the  fragmented airborne 
(and user )  par t  of the system is most d i f f i c u l t  t o  analyze as t o  
cost ,  safety,  and u t i l i t y  and whether it w i l l  in terface ful ly  with 
the ground pa r t .  Todw t h i s  i s  a far more  complex araa %han a few 
years ago when such interfaces  were nominal becaase the performance 
demands were much lower. With the  poten t ia l  f o r  col l is ions increas-  
ing as the square of t he  t r a f f i c ,  ATC problems $en times those of 
the ' 6 0 ' s  w i l l  ex i s t  i n  t he  ' ~ O ' S ,  requiring much  more enphasis 
on the interface of ATC wi th  the  a i rc raf t  and p i lo t .  
I f ,  for example, the cockpit were somehow fully inst ru-  
mented s o  tha t  the  p i lo t  could completely execute a f l i g h t  t r a c k  
and schedule non-conflicting tracks, s o  that  the ground merely 
monitored his execution of the pre-planned track and schedule, 
there  woald be l i t t l e  need f o r  cer ta in  complex ground units and 
m a n y  personnel. O n  the other hand,  a f u l l  "closed-loop" ATC con- 
t r o l  system f rom a ground central  t o  eve ry  a i r c ra f t  i n  f l i gh t  and 
with instant-by-instant instructions (as i n  a t ac t i ca l  i n t e rcep to r  
control)  creates erLormous burdens on the controllers,  overloads 
communicatioas, requires complex automatic data links, and i s  
obvioxsly not acceptable t o  OUT modern, well-trained pilots.  There 
is, however, the appropriate balmce (optimizing cockpit and ground 
control, with perhaps more emphasis than at  present  on giving the 
pilo'; a greater share of  the  t rack and schedule keeping than i n  
the  pas t )  tha t  w i l l  bring capacity up and costs down. An optimized 
balance of cockpit and ground con t ro l  i n  ATC creates the best  
operating efficiency, safety,  and lowest  costs, An imbalance 
creates  a l a r g e r  t o t a l  cos t ,  sh i f t ing  it t o  a i r  o r  ground but 
reducing efficiency, The  same high safety standards must  be 
achieved i n  either case,  
The success o f  the trauspoxder system where t h e  p i l o t  
input is zero while the ground controller obtains enormous amo'ilzlts 
of in format ion  on a l t i txde ,  t rack ,  ident i ty  and position--all from 
the  coded aircraft  replies--although of  great value in  ATC, has 
t ipped the scales i n  favor of wbat might now be excessive emphasis 
on ground surveil lance and close control, while minimizing this 
capacity i n  the cockpit. T h i s  concept obviously calls f o r  t ens  
of thousanas of  corhrollers.  Area-Nav concepts with apprapriate 
and conpetit ive accuracies (with SSR accnracies) i s  the logical  
balance. Display of t rack 3nd schedule t o  t he  p i lo t  i n  t he  a i r -  
c r a f t  i s  essent ia l  if FAA control ler  manpower is t o  be Salanced 
and not increased forever. Perhaps fore-and-aft traffic on the 
same track should a l s o  be a pilot-displwed functioa f o r  optimizing 
a common track speed and aiding in spacing comk-ol mi%- t h e   s k i l l s  
of each 2 i l o t .  This concept can theoretically place much of  this 
responsibi l i ty  back in the cockpit ,  &eating a better balance of 
ATC functions and lower operating costs. 
However, much remains in "mders tanding   p i lo t s '   coa~la   in t s  
about ATC and i n   a s s u r i n g   t h e i r   f u l l   p m t i c i p a t i o n   i n   t h e  system. 
NASA, with i t s  professioaal  engineer-pi lots ,  s imulat ion faci l i t ies ,  
a i r c r a f t ,  a i r p o r t s ,  and understanding or' the  p i lo t iag  problems, 
can opera t iozdly  va l ida te  th i s  cockpi t  par t ic ipa t ion  and responsi- 
b i l i t y  i n  ATCC. Past experiences have indicated that  t o o  much 
" tac t ica l"  or "close" control from the  ground has many ATC limita- 
t ions,  Past  GCA-ILS arguments of ground control (GCA) vs cockpit 
control (ILS) no longer prevail, since experience has usually 
shown the szperior i ty  of d i r ec t  p i lo t  u se  of cockpit data. This 
trend toward more and be t te r  p i lo t  d i sp lays  of track, schedules, 
velocity,  and track spacing i s  l i k e l y  t o  prove equally significant 
in  the  te rmina l  a rea  where complex geometric tracks prevail. 
Noise abatement f l ight  procedures  as suggested i n   t h e  ATCAC report 
are  almost: completely dependent on these cockpit solutions. 
The understanding of t he  p i lo t  a d  h i s  a i r c r a f t  is  para- 
m o u n t  t o  both types of control (close and cockpi t )  that  must 
co-exist for many  reasons for the ne* two decades. The ground 
controller cannot insist  on performance t h a t  a pi lot-aircraf t -  
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electronics combination cmot; execute, nor must the pilo.> attemgt 
w i t h  his improved capabilLties in the  cocwi t  t o  do things that  
a re  n o t  acceptable t o  ATC and might be uncoordinated with the 
unseen t ra f f ic  tha t  sur rounds  him i n  typical, high-density IFR 
op e r  a t i  ons . 
It i s  in  the  reg ions  of optimum in te rac t ion  of (1) the 
p i l o t  and control ler ,  (2)  the ground and air displays, (3)  the  
spacing of p a r a l l e l  runways with  re la t ion  t o  a i rcraf t  control la-  
b i l i t y ,  (4) the allowable aaneuvering f o r ,  and control o f ,  any 
confl ic t  or co l l i s ion  avoidance sitzations, and (5) t h e  r e a l i s t i c  
low-visibility landing minimum i n  CAT I1 and I11 weather that the 
m a n y  ATC-pilot interfaces  must  be determined.  Regulatory  actions 
by the FAA cannot force pilot  compliaxe,  n o r  can p i lo t s  be  
expected t o  "engineer" the systems and displays they need f o r  a 
modernized ATC system using new cockpi t  d i sp lap .  We note an 
example o f  t h i s   i n   t he   r ecen t   A i r l i ne  P i l o t  Safety Forum meeting 
where the FAA and pi lots  disagreed publ ical ly* on the safety and 
a? l thor iza t ion  c r i te r ia  for  CAT I1 (VHF-ILS) landing m i n i m a .  This 
leaves the public and m a n 3  in  aviat ion confused,  s ince both par t ies  
are professionally and legally responsible f o r  safe low-visibil i ty 
o2erations. 
Many such cases of "air-ground interfaces" exist now and 
they w i l l  grow i n  expanded ATC environment where NASA can pro- 
v ide  the  necessw resources .  For future  ATC we must es tab l i sh  
the means t o  t e s t  and ful ly  understand this  major ATC problem of  
interface.  Although a government agency involved i n  aerona=ltics, 
NASA is  Dot burdened with the thousands of daily operating problems 
facing the FAA and p i l o t s  and airspace users,  which usurp nearly 
a l l  existing energies of the  FAA merely t o  keep the national avia- 
t i o n  system from f a i l i ng .  The DOT-ATCAC comit tee  cal led the cur-  
r e a t  ATC s i t ua t ion  a "cr i s i s ; "  o thers  have cal led it "inadequate" 
and "deficient" and potentially severely constraining t o  av ia t ion ' s  
growth and national value.  Effectively,  then, a t h i r d  major ATC 
a rea  ex is t s  that has not been defined adequately t o  date. This 
* Aviatioa 'deek, August 10, 1970. 
25 
area includes operat ional  val idat ion pr ior  t o  system impleqentation, 
f u l l y  Geveloping the  in te r face  of t h e  p i l o t  and ATC system, and 
assuring that a balance of control i n  ATC e ~ s t s  between the  
cockpit and the ground ATC system. We must assure  that  the ATC 
system is actually designed and operated t o  s e rve  the  a i r c ra f t  
and p i l o t  who are  the only true "customers" f o r  this  product .  
E. A FOUR-PART PLAN 
Effectively,  we have shown t h a t  about 20 b i l l i o n  d o l l a r s  
per decade are required f o r  ground-oriented systems and cooperative 
equipments, pilot  displays,  etc.  Perhaps 100 b i l l i o n  d o l l a r s  of 
new a i r c r a f t  w i l l  a l s o  be a t  stake. There i s  a t  present a poor 
interface between the  two that, because of the coxplexities of 
dense t ra f f ic  increas ing  as the square of  the  par t ic ipants ,  w i l l  
worsen in time. The respons ib i l i ty  f o r  reso lv ing  th i s  in te r face  
would create  a major area i n  a national plan t o  overcone the  ATC 
c r i s i s .  It is  in  th s  va l ida t ion  and t e s t  a r e a s  where a t o t a l  
national plan can be exmined. For example, t he  FAA tends t o  
determine what i s  in s t a l l ed  on the ground f o r  ATC that  requires  
a i rc raf t  use ,  wllereas the pr ivate  sector  and the mil i tary must 
f o l l o w  sui t  with cost ly  a i rborne eq-dipments, often without any 
solid, quantified assurance o f  adequate  benefits. For exanple, 
the FAA plan t o  extend VHF/ILS t o  CAT I11 operations required a 
costly updating of a i rcraf t  with mult iple  radar  a l t imeters ,  new 
displays,  etc.  Yet,  after sone years of implementation  tbe  success 
of t h i s  p l a n  i s  now doubtful f o r  many reasons. Most of the reasons 
r e l a t e  t o  -the p i l o t ,  f l i g h t  dynamics, and other aeronautical prob- 
lems not engineered by the FAA electronic  landing emerts .  M a n y  
of tlzese problem could have been identified before the expendi- 
tures. 
For economic and safety reaso35,  t ruly val idated gains  
in  capac i ty ,  s a fe ty ,  r e l i ab i l i t y ,  o r  whatever the purposes may be, 
must precede plans f o r  implementation (Figure 3 ) .  
Communications are very poor between significant ATC 
groups, because often special interesi;s exist, be they electronic 
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manufacturers of the costly avionics, the &PA, the ATC control- 
l e r s ,  o r  AOPA. Each group does not within its own jur i sd ic t ion  
o r  experieace hold the raissi- elements t o  a t ru ly  sa t i s f ac to ry  
na-bional solutioa. A validatiox effort  bringing these elements 
together would include all ATC elements and great ly  5mproTre cornu- 
nications and void impleaentation of faul ty  plans.  The  FAA, as  
shown i n  Figure 2, is  primarily an operating agency w i t h   l e y e a r  
estimates of 18 b i l l i o n  dollars f o r  f a c i l i t i e s  and o2erating pe7son- 
ne1 and about 0.6 b i l l i o n  d o l l a r s  fox- R & D. It is  obvious tha t  
t he  to t a l  na t iona l  R & D e f f o r t  must be increased, adding funds 
f o r   t e s t  and val idat ion ("f ly  before  buy") pr io r  t o  implenentation 
of new f a c i l i t i e s  o r  systems. The past  systems are s o  cos t ly  t o  
operate that merely lett ing them "evolve" i s  n o t  l i k e l y  t o  be the 
so lu t ion  in  the  future .  
F- -_l_____"I___ NASA-DOT RELA.T ONS IN ATC TECYNOLOGY ~ 
NASA and DOT-TSC have a na tura l  in te r face  in  ATC matters, 
and th i s  subjec t  w i l l  be discussed in  greater  detai l  in  Sect ion VII. 
NASA i s  predominantly an R & D organization in aeroaautics,  it does 
not operate large aviation systems, and it has many conpetent faci- 
l i t i e s  and personnel trained in research an3 val idat ion of the m a q y  
"interface" problems t h a t  e x i s t  i n  ATC regarding the aircraft  and 
the p i l o t .  NASA i s  a natural  organization t o  assume i n  t h e  national 
aviation system plan the responsibi l i ty  f o r  the interface of the  
ground and a i r  elements which must be fu l ly   va l ida t ed   un t i l  a 
sui table  operat ional  "f i t"  i s  found. 
This respoas ib i l i ty  w i l l  probably ea ta i l   l a rge-sca le  
t e s t ing  and val idat ion e f f o r t s .  However, with a system tha t  w i l l  
cost every decade sone 40 b i l l i o n   d o l l a r s  t o  operate and modernize, 
affecting the future of about 250,000 aircraf t  cost ing over  100 
b i l l i on  do l l a r s ,  it i s  o3vious tha t  an adequate system validatioa 
e f fo r t  t o  assure  success  jus t i f ies  a t  l eas t  10% of  the  overa l l  
costs, allowing perhaps 4 b i l l i o n   d o l l a r s   i n   t h i s   a r e a  over the 
Dext decade. We w i l l  de t a i l  s eve ra l  poss ib i l i t i e s  of a f resh,  
independent examination (through system synthesis and val idat ion)  
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of  ATC sgstems evolving more efficiently--with sore capacity and 
at l e s s  t o t a l  national cost .  Th2se p o s s i b i l i t i e s  w i l l  inclxde 
t e s t  and val idat ion of new volumetric landing qstems f o r  CTOL 
and VSTOL, nsw I;F/VU? wide-area systems, iaproved cockpit displws, 
airport  surface control,  low-cost general aviation ATC services,  
etc. 
This snviromental  validation a d   t e s t  concept would 
effectively bring together the PAA, DOT-(TSC), NASA, and the DOD 
in  exmil l ing by t e s t  and val idat ion the interfaces  between the 
ground and a i r  eaviro.ments--present and planned. The cost  of 
ob ta in ing  th i s  knowledge nay be high in the form of t e s t   f a c i l i -  
t ies ,  a i - rcraf t ,  laborator ies  and personnel, but it shmld  remain 
well below the 10% figme noted previously. Atteinpts t o  zinimize 
the cost o f  obtaining this  knowledge ("paper" studies rather than 
fu l l  va l ida t ion )  can lead t o  fallty decisions. A n  exanple Doted 
previous ly  ex ls t s  tha t  i l lus t ra tes  - th i s  po ia t .  The p i l o t s  and the 
FAA disagree publicly on tbe safety of  the lo-+visibility landing 
authorizatioas. Many technical papers clearly demonstrate the 
d i f fe ren t  views and reasoning on both sides of t h i s  argument. 
Here i s  a wonde.rfu1 opportxnity f o r  a n  independent validation 
program, since a low-visibility landing accident involving a 
single 747 would cost many tiines what the  s2ec i f ic  va l ida t ion  
program would cost. The f l i g h t  t e s t i n g  of a i -c raf t  in  ac tua l  
low-visibility conditions, following the -FAA standards, and using 
th i s  data  together  with ful l  s imulat ion using a modern, new " fog  
chamber:' electronic display-simulation, and cockgit motion simula- 
t o r s  could shed enormous l i g h t  on what i s  rapidly becoming a ra ther  
"hot" ATC dispute. This typifies perhaps a dozen cu r ren t  c r i t i ca l  
areas where the aLn and gromd interfaces  are  in  reasonable  doubt 
i n  our ATC plans and cannot be arbi t rar i ly  determined by e i the r  
party, or by FAA regulatory actions. 
Furthermore, the nodern aircraft with i t s  many character- 
i s t i c s  t ha t  adve r se ly  a f f ec t  t r a f f i c  con t ro l  must be fully appre- 
ciated. Large physical size, wide gear, narrow runways, high 
approach speeds, and sluggish response are constraints on w h a t  
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ATC C ~ D .  and cannot do, When an BI\C plan requires a stream of 
closely spaced aircraft  being fed t o  p a r a l l e l  runways spaced as 
l i t t l e   a s  2,500 feet  apar t ,  aeronaut ics  and p i lo t  l imi t a t ions  
predominate rather than electronics. 
Noise abatement; f l i gh t  pa t t e rns  can do more t o  a l lev ia te  
community unrest and resentment of aviation than the long sought 
"quiet engine. 'I Both v e r t i c a l  and horizontally curved paths are 
permissible i n  the new scanning bem ILS--strongly urged by the 
ATCACi yet ,  no prac t ica l  va l ida t ion  resu l t s  ex is t  tha t  show with 
big j e t  a i r c r a f t  how t h i s  can be achieved. NASA's understanding 
of f l i g h t  dynamics and i ts  tradit ional aeronautics r o l e  (or iginal ly  
as the NACA) can do much t o  assure  that  the ATC sys-hem, the  a i r -  
c r a f t ,  and p i l o t s  w i l l  actually f i t  each other. 
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111. INTERACTING  TECRNICAL AND O€'ERATIONAL ASPECTS  OF 
AIR TMFIC TECHNOLOGY 
Having presented a broader overview of the Na;tional 
Aviation system and the incredibly large part  that ATC now plays 
i n  aviation, some of the interacting elements need description, 
Similarly,  the nature of the interactions themselves need explana- 
t i o n  since electronic,  aeronautic,  and human interfaces  are s o  
s ignif icant  jll ATC. L i t t l e  i n  ATC can be considered i n  isolat ion.  
Nearly all elemen3s of ATC are interdependent: where a i r  and 
groilnd electronics  must be matched, where p i l o t  and cockpit dis- 
p l a p   n u s t  be matched, and where the optimized interface between 
"ground control" and "cockpit  control" must be  established. It 
is only the several  technical and operat ional  aspects ,  a l l  working 
in  concer t ,  tha t  w i l l  see any advances i n  ATC beyond what we  now 
recognize as a l imited system. 
Simply adding more ground personnel, more of the same 
f a c i l i t i e s ,  e t c . ,  is n o t  l i k e l y  t o  suf f ice  over the coming c r i t i c a l  
time periods. New concepts integrated with old concepts, new 
systems integrated with old systems, and R & D thinking in terms 
of major, large increases in A!TC capaci ty  a t  lower costs are soae 
of the solutions. ATC and i t s  associated parts (exclusive of the 
airframe and power p lan ts )  can became s o  cost ly  or s o  consbraining 
that  aviat ion groxth can be s t i f l e d .  Some ATC plans m a y  pr ice  
themselves out of the market, since the costs of these plans in- 
crease geometrically a t  certain points. Other ATC concepts exist  
where much greater service and capaci ty  exis ts  f o r  mlch lower 
costs. Two generalized concepts w i l l  be compared. 
A. FLOW AND CCINTROL OF A I R  TIiAFFIC 
"
A limited review of A i r  Traff ic ,  i t s  flow and control,  
w i l l  assist i n  d e f i n i n g  some of the areas most urgently requiring 
improvemeats. Figure 4 shows the flow of t r a f f i c  through a se r i e s  
of r e s t r i c t ions  tha t  va.q a t  different poifi ts  in  the f low.  A 
t r a f f i c  f low r e s t r i c t i o n  rnw ex i s t  because of limitatioas i n  
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(1) guidance, '(2) surveillance, (3)  ground (control ler)  informa- 
t i o n ,  (4) cockpit  (pilot)  information, or (5) physical environ- 
ments  such as runways. For example, we note the emoute case has 
the largest  unrestr ic ted area,  which becomes constricted whea the 
aircraf t  enters  the terminal  area.  The approach portion i s  fur ther  
l imit ing t o  t r a f f i c  f l o w ,  since a single-fi le operation (with ad&- 
quate spacing) i s  required t o  f e e d  t h e  t r a f f i c  t o  the runway. T a x i -  
w a y s  have the potent ia l  of g rea t e r  f l ex ib i l i t y  of routing than, of 
course, exists during the final approach, but since the velocity 
of the  t ra f f ic  dur ing  taxi times t o  t he  t e rmina l  h i ld ings  is only 
a s m a l l  f rac t ion  of thi: approach and landing velocity, a large 
number of taxi routes i s  required t o  sustain f l o w  off the runway. 
If approach speeds are 120 k n o t s  and the average taxi speed i s  19 
knots, the 12 times difference must be re f lec ted  in  the t a x i w a y  
f l o w  capacity. New landing and surface control must be available 
t o  sustain a cozrtinuous high f l o w  r a t e  t o  the gates of modern je t -  
ports.  With some airports enploying a hundred or s o  gates,  they 
t o o  are often bottlenecks in the total  f low analysis of a i r c r a f t  
t r a f f i c   i n  a large je tport .  
Since all a i r c ra f t  a r r ive  and depart a given xirport  in  
due t i m e ,  the reverse f l o w  from the gates via taxiways and takeoff 
runways i s  again a l i m i t i n g  f a c t o r  i n  t r a f f i c  flow. A s  Figure 4 
shows, anyth ing  tha t  res t r ic t s  the  " tubes1 '  res t r ic t s  the  f low of 
a i r  t r a f f i c .  QueJing theory and experience show t h a t  a s ingle  
constriction out of dozens of potent ia l  constr ic t ions,  can back 
up al l  t raff ic ,  causing exorbi tant  delays.  The thinness of the  
connecting tubes represents the volume of t r a f f i c  p e r  unit t h e  
tha t  can  be  accoxnodated. It i s  obvious, o f  course,  that  Fraprov- 
ing en route capacity w i l l  n o t  inprove the t o t a l  f l o w  i f  t h e  
rest r ic t ive terminal  areas ,  f inal  approach,  and taxiway constraints 
remain unchanged. 
To fur ther  e.mphasize the  r e s t r i c t ions  of current con- 
cepts of airways , approaches and surface coatrol, Figure 5 i l l u s -  
t r a t e s  a typical multiple,  consecutive airport  operation such as 
faced daily by aizl ines .  Here we see the series flow of t r a f f i c  
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i n t o  and out of two independent airports. 'phis m i g h t  typify sone 
of  the popular "shuttle" services (between pairs of c i t i e s  such  
as New York-Washington) t h a t  .are now so  popl lar  w i t h  the general  
public. These ci ty-pair   shut t le   services   include New York-Boston, 
New York-Washington, Los Angeles-San Francisco, and New York-chicago. 
Their popularity is  expected t o  grow since they can provide trans- 
portat ion services  requir ing much less t ravel  t ime than tbe   bes t  of 
any form of surface travel.  Thus, the "paired" airports flow- 
diagram i s  important i n  many phases of aviation. 
Again the probabi l i ty  of  the  f low be ing   res t r ic ted  f o r  
some reason has been doubled since now f o u r  transits of terminal 
areas  exis t ,  four t r a n s i t s  of f i n a l  approach, and faun transits of 
taxiways. Anything i n  t h e s e  twelve t r ans i t s  can  in t e r rup t  t he  f l o w  
of t r a f f i c ,  wh i l e  t he  po ten t i a l  en route  t racks  a re  suf f ic ien t ly  
numeroas as  t o  be of minimal  concern. Some interaction occurs w i t h  
en route f low capacity when it i s  desired t o  enter the teTminal 
area or depart it i n  a manner t o  optimize the track time. A dis- 
persive terminal area track system does require a more dispersive 
en route system, one of the  jus t i f ica t ions  f o r  new "Area-Nav"  con- 
cepts. However, even i f  a i rpor t  A should modernize by adding more 
runways, taxiways and gates ,  the constr ic t ions of a i rpor t  B w i l l  
continue t o  dominate and "meter"  the t o t a l  f l o w .  This simple point 
i s  often overlooked when  some one elemeat i n  ATC i s  portrayed alone 
as making a major impact on ATC capacity. 
The schematic flow of air  t r a f f i c  a l s o  s t resses  the  
point  that  a l l  e lements  must be improved in  concer t ,  with emphasis 
going t o  the weakest elements i f  a t o t a l  f l o w  improvement is 
desired. Total system capacity i s  essent ia l ly  the integrated 
r e su l t s  of the flow r a t e s  of the individual elements composing 
the system, careful ly  examining  each  element,  he t o t a l  system 
capacity can often be increased by some simple methods. For exam- 
p le ,  if a "widef' Area-Nav systen permitted the wide and contimous 
ATC coverage f o r  general  aviation and VSTOL, then wide dispersion 
of  s m a l l  a i rpor t s  in to  renote  and cowunity areas,  removed f rom 
the jetports, could occur more readily.  T h i s  might increase the 
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t o t a l  f low ra tes ,  s ince  the  t o t a l  ATC system would now u t i l i z e  
many more serviceable runways that  co-dd be I f f  ed" frosl ATC. We 
w i l l  discuss "broadcast" and llclosell control concepts with 
respect t o  many of these constraints.  
Ekaphasis should, thus, be placed on such concepts as a 
VLF-LY system f o r  general  aviation that hold promise of providing 
uniform position coordinates a t  a l l  a l t i t udes ,  pe rmi t t i ng  uniform- 
l y  good guidance in to  the  t en  thousand (or s o )  gexeral  aviation 
airports  regardless  of the i r  loca t ion .  T h i s  dispersive ATC means 
of "wide" Area-Nav w i l l  a s s i s t  i n  removing t r a f f i c  f r o n  overloaded 
areas by offering adequate ATC services nearly everywhere, ra ther  
t h a  only in h i a l y  l o c a l i z e d  a r e a s .  With greater terminal area 
and airport  dispers ion,  we nust bring m i n i m u m  IFR-ATC capabili ty 
t o  thousands o f  small a i r c r a f t  and a i r f i e l d s  t h a t  cannot be served 
with VORTAC's l imitat ions.  These l imitat ions of airborne economy, 
ground operating costs, accuracy, coverage, or conplexity of use 
w i l l  i nh ib i t  V0RTAC:'s national coverage from spreading adequately. 
This "wide" Area-Nav concept w i l l  be discussed later.  
Figure 6 i l l u s t r a t e s  t he  po ten t i a l  r e s u l t s  o f  a progres- 
sive ATC R & D program wherein t h e  coastraint  areas  are  minimized 
and i n c r e a s e d  i n  t h e i r  a b i l i t y  t o  handle t h e  t r a f f i c  flow. For  
exmple,  the use of a new Microwave Scaming Beam System m a y  per- 
m i t  runwws t o  be more closely spaced, increasing r u n w a y  capacity; 
t h i s ,  however, requires  an electronic sgsteln f o r  surface detection 
and control equipments for more rapid taxi and routing of complex 
t r a f f i c  f l o w s  t o  gates. Area-Nav and improved pi lot  displays can 
increase and improve the geometry of terminal area tracks; then 
ver t ical  separat ion i s  increasingly important, depending 011 the 
use of autoznated al t i tude report ing of t he  SSR system. Each of 
thesa systems o r  i t s  lnode:mnization i s  a xajor undertaking and each 
new system must interface with the older units and.o$her new 
sys tens . 
The operational use must assume t h a t  a l l  systems have 
had adequate operational integration and va l ida t ioa  tes t ing  s o  
that  they work in concert with each other.. Such interact ions and 
smpathetic  interfaces  are  often  overlooked. For example, special- 
i s ts  tend t o  bui ld  only a landing system without considering the 
36 
I -  
o NEW MICROWAVES I L S  
ALLOWS 
MULTIPLE RUNWAYS 
NEW  SURFACE 
CONTROL SYSTEMS 
ATC  RESEARCH MUST REMOVE THE CONSTRAINTS OF TRAFFIC FLOW I N  
DEPAR'PURE, APPROACH,  TERMINAL AREAS, RTJRdAYS AND AIRFORT  SURPACE 
FIGURE 6 
37 
interface oTpthe terminal area guidance on one s ide  and 
guidance on.the other side. The volumetric coverage of the new 
microwave scanning Seam system (proportional data 260° of the 
runway center l ine and up t o  quite steep angles) a l lows ,  with pre- 
c is ion DME, a means f o r  computing curved approaches into runways. 
T h i s  widens consixicted f l o w  areas as seen by conparing Figure 5 
with Figure 6 ,  The community socio-economic in te r face  i s  also 
realized, since curved paths w i l l  t a k e  t r a f f i c  away  from areas 
now offended by the noise  that  i s  unavoidable because of the  
"straight-l ine" l imitations of currezt I L S  (it permits only one 
track since it is  but -3" wide). + 
Similar ly ,  s teeper ,  ver t ical ly  segmegted approaches nay 
be used t o  gain further noise reductions and t o  e l eva te  the  j e t  
t e rmina l  a rea  t ra f f ic  t o  higher  a l t i tudes.  These trends would 
suggest a reconfiguration of the terminal airspace,  in three dimen- 
sions, with slant-airways, sloping (or climb) corridors, "tunnels, I' 
etc. Some early impleaentation of T C A ' s  (Terminal C o x t r o l  Areas) 
by the F M  i s  underway, but much remains in  the technological  areas  
before  real iz ing eff ic ient  f low in such complex geometric configu- 
ra t ions of this c r i t i ca l  a i r space .  
Clearly, one cannot merely add more control lers ,  more 
VOR's, and more VHF-ILS -axits md real ize  the gains  shown schemat- 
i ca l ly  in  F igu res  5 and 6.  Concentrated R & D i s  required, as i s  
fu l l  va l ida t ion  befoFe implementation. Test f a c i l i t i e s  f o r  v a l i -  
dat ion are  essent ia l  s ince no "live" experiments w i t h  high-density 
areas or with new equipments and ATC concepts are l ikely t o  be 
accepted by the users.  The coexistence programs of old ILS with 
the new microwave ILS is as much a problem requiring a good solu- 
t ion  as  the  new ILS i t s e l f .  These colnplex technica l ,  po l i t i ca l ,  
and economic charac te r i s t ics  of ATC systelns d i f f e r  from other 
large national sys-tems such as Defense and Space .where centralized 
management and national goals permit controlled,  rapid transit ions 
o r  direct replacements. Patience and fo r t i t ude  combined with 
creative thinking arerequired f o r  modernization of a i r   t r a f f i c  
control. 
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B. ELEMENICS OF A TOTAL ATG SYSTEM 
Since s o  many subsystems, large-systems, air-systems, 
ground-system, etc., make up %.he complete complex of a "total11 
national ATC system, it is  helpful t o  attempt t o  symbolize its 
interlocking aspects.  One can create various models of the ATC 
system f o r  various purposes. The purpose here i s  t o  provide an 
overview s o  that a balance i s  maintained mong the tec.bica1 
systems, users, and government agencies involved i n  ATC, We have 
arb i t ra r i ly  d iv ided  the  " to ta l"  of  ATC in to  8 sub-areas f o r  
further examination, as i l l u s t r a t ed  in  F igu re  7. Bo th  'lsystemsll 
and "concepts" are combiaed, since i n  m a q y  cases they are inter- 
mixed as,  f o r  example, in general  a-Tiatior where a new concept 
i s  needed t h a t  w i l l  give a major increase i n  ATC services at very 
low c0s.t;~ commensurate with other ATC services as applied t o  air- 
l ines .  
On the other hand, a technically oriented sub-area exists 
of  "new and o l d "  landing systems. Similuly, we have ident i f ied  
STOL-VSTOL f o r  both mil i tary and c i v i l  users since the unique and 
va luable  f l igh t  charac te r i s t ics  of these vehicles (compared t o  con- 
vent iona l  a i rc raf t )  w i l l  have a large impact on ATC. In some 
VSTOL cases, new guidance and snvei l lance concepts  will be needed; 
in  o ther  VSTOL cases  the  por tab i l i tg  of ground guidance and control 
un i t s  i s  of great importance. The inposi t ion o f  a " j e t  t r a m p o r t "  
solution on VSTOL ATC an3 landing coald be f a t a l  t o  VSTOL's fu-bne 
development. VSTOL must employ generally unused airspace and run- 
ways tha t  do .2ot conflict  with the present users of the airspace 
and runways; otherwise,  jet  airl ine operations (for the sake o f  
VSTOL) would be weakened a t  t h i s  s t a g e .  However, the VSTOL inter-  
face with je t  operat ions i s  very inportant,  since the movement o f  
cargo and passengers from future  .major j e tpo r t s  t o  outlying VSTOL- 
ports  seems a logical  direct ion f o r  aviation. 
The je.i:ports woizld then become major "staging" and 
log i s t i c   po ia t s ,  where passengers would be served by VSTOL nearer 
t h e i r  oatlyiw cormxmities, avoiding the ase of the i r  p r iva t e  
autos t o  the je-tports.  The "people-flox"  problem of t he  jumbo 
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j e t s  i s  s o  serious that short-haul air transport  f o r  dispersion 
of the llpeople-flowll w i l l  be as important as dispersion of the  
a i r  t r a f f i c .  The necessity f o r  many direct connections between 
s a t e l l i t e  VSTOLports is a l s o  recognized in szlch s tudies  as t h a t  
of the  GAB (N.E. Corridor), with off-loading of t he  j e tpo r t ' s  
t ra f f ic  occur r ing  as a valuable by-product. Again, this needs 
new conceptual thinking (leading t o  a t o t a l ,  national VSTOL trans- 
port system), no t  an  isolated s tudy of only VSTOL vehicles o r  
only VSTOL probleas; instead, the VSTOL system must be considered 
in concert with the continued expansion of t h e  j e t  t r a f f i c  ( c i v i l -  
mil i tary)  as  wel l  as  general  aviat ion t raff ic .  ATC i s  probably 
more c r i t i c a l  t o  VSTOL's future  than aerodynamics, though obviously 
they must be combined. 
We w i l l  d e t a i l  what is meant i n  each of the 8 areas more 
ful ly;  the intent  here ,  however, is  t o  assign each and every ATC 
program (new and o l d )  t o  a t  l e a s t  one  of these meas, because each 
program must be f i t t e d  by some harmonious neans i n t o  a plan for 
a national t o t a l - A T C  system. Too nuch  emphasis has been given 
t o  the individual elements of a system i n  a n  i so la ted  environment, 
without noting the many interfaces  that  must be harnoniously opti- 
mized. The message i s  simple:  each  element must be exmined from 
the total  viewpoint of A!JX and no longer in isolation. Furthermore, 
no single element w i l l  make t h a t  much of a posi t ive and ident i f iab le  
impact on t h e   t o t a l  system, even though a s ing le  element can 
readi ly  "fail" the t o t a l  ATC system. 
Guidance, navigation, and overal l  ATC accuracies vary 
considerably throaghout the national system, and this wide spectrum 
of navigation accuracy is  of'ten forgotten o r  misused. These  accu- 
racies determine the practicali ty of new ATC concepts such as 
"broadcasIFcontro1. This fact i s  s t ressed i n  Figure 8 where, f o r  
example, the guidance accuracy a t  the threshold of a runway in  
CAT 111 shoxld be perhaps but a foot o r  s o  ve r t i ca l ly  (and perhaps 
5 f e e t  l a t e r a l l y ) .  Along an en roate  airway the accuracy m a y  be 
a l o w  1 or 2 miles (say, 5,000 t o  10,000 f ee t ) .  The constraint  
03 the relatively larger permissible errors along the airways (en 
route) m a y  not be a serious matter t o  ATC capacity. Overwatar 
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FIGURE 8 
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and in t e rna t iona l  rou te s  in  low density areas m a y  require but 3 
t o  10 miles of positioning accuracy. It is, therefore,  up t o  the 
ATC system designer to make s u e  that some form of  guidance 3nd 
control is not inadvertently assumed t o  suff ice  when i t s  perform- 
ance may exceed 01' be deficient when compared with the operational 
needs. One example i s  the use of  VOR "letdowns," where the descent 
into an airport  t o  a given ceil ing i s  based on f lying a r a d i a l  
from a somewhat distant VOR s ta t ion ,  assuming range i s  equivalent 
t o  time f o r   f l y i n g  .to a given height a t  a given descent rate. 
This poor practice w i l l  be great ly  minimized i n   t h e   f u t u r e  w i t h  
other fo rms  of guidance as VOR let-dowas have been ident i f ied  as  
a r i s e  operat ion af ter  aoae accidents. 
The d i s t a n t  off-airport VOR should no more serve as an 
ILS (because of i t s  limited accuracies) than the landing system 
with i t s  great accuracy in a small sector should serve as an en- 
m u t e  system. The wide v a r i a t i o n  i n  needs f o r  guidance and control 
accuracies from a foot t o ,  say ,  10,000 f e e t  (loLc) during the single 
f l i g h t  o f  an a i r c r a f t  denands many things from the ATC system 
designer as well as .$he users of the ATC system. Typically, sur- 
veillance systems are used t o  geograDhically overlay the guidanze 
systems and SSR (now reaching i ts  completion stages"ab0a.t 1975) 
will be the major nabional s-mveillance means. 
SSR data t o o  a u s t  r e l a t e  t o  these accuracips t o  adequately 
f u l f i l l  t h e  f u n c t i o n  of surveillance of a i r   t r a f f i c  moving on sir- 
ways and on terminal area tracks. For example, the SSR surveil-  
lance i s  (a t  p resent )  far superior in accuracy t o  that provided 
by VORTAC, since SSR data  i s  provided a t  a frequency that i s  about 
ten times higher than VOR angular data. N a r r o w ,  directive beans 
are xsed by SSB surveil lance as well as  wide bandwidths for accu- 
ra te  pu lse  code transnission. The  SSR system used b r  gro-and cox- 
t ro l le rs  thus  tends  t o  overly encourage the use of sllrveillance 
and cont ro l le r  "vec tor ing ,"  in  l ieu  of better cockpit guidance 
and ATC funct ions sui ted direct ly  t o  on-board p i lo t  in te rpre ta t ion .  
Rather than having a co1ltroller or an automatic aachine rela7 the 
sxrveillance data t o  the cockpit by data  link, modernized navigation 
display and air-to-air positioning are suggested. 
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We see the breakdown a l s o  of some of the technical areas 
such as Area-Nav where, f o r  example, various navigational services 
such as VU?, LF, VORWC, and s a t e l l i t e s  n u s t  be matched against 
each other and t h e  c r i t e r i a  of operational usage. These c r i t e r i a  
are  of ten related t o  accuracy as is shown in Figure 8. For  ex=- 
ple ,  a sa te l l i t e  naviga t iona l  system nay s u i t  a v i a t i o n ' s  trans- 
oceanic needs, yet it must be compared w i t h  a V I 2  system such as 
Omega, since track accuracy, posit iogal reporting, costs,  reliabil-  
ity, and other matters need  side-by-side  coxparison.  Precision, 
terminal area tracks probably cannot be adequately supplied by 
s a t e l l i t e s  f o r  several reasons. It i s  important that i n  t h e  f u t u r e  
of ATC a balance i s  objectively achieved between accuracy, cost, 
c a p a c i t y ,  p i l o t  u t i l i t y ,  r e l i a b i l i t y ,  e t c .  
In many cases we have not given the pilot adequate instru- 
meatation f o r  nztvigation, and t h i s  a r e a  must be improved. Conse- 
quently,  this pilot  display aspect of ATC may eventually predominate 
the decis ion process  in  select ing any new ATC systems. P i l o t s  
prefer t o  $17 s o l i d ,  ear th  coordinates  that  have simple and readi ly  
usable geometric characteristics. On-board pi lot  displays of t rack  
flare,  track longitudinal velocity,  cross-track velocity,  and spac- 
ing with other nearby aircraft on the saxe or adjaceat tracks must 
be developed t o  a l low the pi lots  equal  par tnership in  ATC and t o  
reduce  ground controllers '  overloads.  Since pilots retain major 
respons ib i l i t i es  by lxiq and regulations, more emphasis toward 
this  pi lot-or iented ATC solution w i l l  a l s o  tend t o  off-load the 
surveillance and data  l ink areas  that  of ten are  used t o  mke up 
f o r  Area-Nav and cockpit deficiencies in guidance control. 
We w i l l  discuss air-to-air and air-to-gro-md data 
exchange, s ince this  area i s  also receiving increased interest .  
The ' f ? i lo t "  (a l l  p i lo t s  inc luding  the  leas t  sk i l led)  aga in  i s  the 
focal point with the objective o f  providing hin esseat ia l  infoma- 
t i o n  on ATC t h a t  can be direct ly  appl ied by him in the cockpit 
f a r  be t t e r  t han  a control ler  o r  groand conputer can do. 
Such an "up-link" f rom the ground ATC compdters may  
request  specif ic  t rack veloci ty  and separat ion relat ive t o  othgr 
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aircraft  nearby o n  the  same or adjacent track. The p i lo t  t hen  
uses on-board means t o  execute the request. But a confused, tele- 
metered picture of all ATC t r a f f i c  i s  avoided, as. i s  instant-by- 
instant  instruct ions t o  t he  p i lo t .  P i lo t s  can improve the control 
of t r a f f i c  ‘under many conditions by optimizing the fl ights of 
t h e i r   a i r c r a f t  in .zoncert w i t h  a t o t a l  ATC flow plan and safe 
objectives. The p i l o t s  must n o t  and cannot become ATC control lers  
as  sone collision avoidance concepts allow. It i s  this delicake 
pilot-controller-c0mpute.r-display balance that must- be achieved 
and maintained in ATC technology. Use of air-to-air and a i r  ( t o  
and from) graund s ignal l ing must serve this concept not dominate 
it. The s ignals  m a y  be proximity signals, distance between adja- 
cen t  a i rc raf t ,  ATC instruct ions to t he  p i lo t ,  alpha-numerical 
cockpit displays, or graphic analog dis2la;ys. 
The purpose of this category of ATCC R & D is -to illumin- 
a t e  a significant area that needs considerable improveaent. A 
simple,  lo~-cost  cacabi l i ty  for  general  aviat ion and a more sophis- 
t i ca t ed   capab i l i t y   fo r   a i r l i nes  must both be generated. ” The two 
coald be two sepai-ate technologies but s o  u t i l i z e d  t h a t  each can 
be fully complementary with and coordinated by the centralized 
ground authority f o r  ATC. 
Figure 10 provides examples o f  the  interrelat ionships  
between general  aviation and Area-Nav -to demonstrate by example 
that each of the sab-elements of the eight major areas of ATC i s  
interrelated.  This i n f e r s  t h a t  t h e  h p a c t  of wide azd (dispersed) 
Area-Nav concepts using LF or VLF t echniques  tha t  fu l f i l l  genera l  
aviation needs xay be as much i n  the nat ional  interest  as the  
presently  planned VORTAC-Area-Nav system. The l a t t e r ,  though 
suited t o  high-densFty areas,  has difficalty in other areas 
because the thoasands of m a l l  a i r p o r t s  a r e  removed from the  
dens2 VORTAC ground instal la t ions s ince they are  s i ted moskly 
on the  bas i s  of  t r a f f i c  dmand. The VORTAC does not have lo+ 
altibAde coverage nor does it serve reliably in mountainous 
regions below the levels  of  the mountain tops. VOR acc‘wacy 
degrades with distance s o  t ha t  beyo2d a few miles i ts  use as a 
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_L__ .__ ..._."_ ... I 7.ATC TRACK assignment 8.National VLF system 9. I n e r t i a l  integrated 
let-down ty-pe of  approach f a c i l i t y  for general  aviation is  highly 
doubtful. The uniform nature of the  VLF and LF coordinates of 
Omega and Loran C suggest that  this t spe  of technology be used t o  
develop an ATC service f o r  general aviation whose coverage i s  a t  
a l l  a l t i t udes ,  w i t h  superior geometries, and with a n  accuracy and 
sens i t i v i ty  tha t  is un i fo rm throughout hundreds of thousands of 
square  miles of  coverage,  etc.  Problem of  e lectr ical  interference 
with VLF and LE' are  potent ia l ly  offset t ing t o  i t s  enormous advan- 
tages. However, with modern knowledge and c i rcu i t s  these  problems 
can probably be solved once enough s c i e n t i f i c  energy i s  directed 
toward  the  vL;F-LF solutions. 
The potent ia l  gain f o r  br inging the pi lot  into a more 
act ive role  i n  ATC i s  enphasized f o r  a l l  of  general  aviation as 
well as  for t he  a i r l i nes  and the m i l i t a r y .  
The use of low-cost Area-Nav pi lot  displays,  something 
readily acc-eved with the oblique-parallel lines of conplete posi- 
t i on  (of the  long baseline VLF systems), provides the pilot of a 
small  general  aviat ion aircraf t  with full positioning information 
equivalent t o  that provided by VOR, DIXE, and coaplex three-dimen- 
sional course-track coaputers. The low cost  of  VLF, and with geo- 
metries suited t o  low cockpit workload with simple displays, sug- 
ges ts  tha t  even the  p r iva t e  p i lo t  would be t ra ined t o  use t h i s  
informatiox upon h i s  licexlsing. A study of FAA document AC 90-45, 
describins the complexities and l imitat ions of  VORTAC Area-Nav, 
confirm these views. Geographical areas that are useful and 
a reas  th s t  a r e  r e s t r i c t ed  t o  general aviation can both be depicted 
in  s i ap le  fo rm s o  tha t  in a sense the geaeral  aviation pilot  is 
afforded much more uszful airspace than he has ever had before, 
since he does not have t o  congregate with the dense traffic t o  
obtain the minimal ATC services that  are  sui ted t o  h i s  environmext. 
Providing ATC guidance services in his enviroment w i l l  lower 
traffic loads in predominantly airl ine environments.  
N o t  only are very-low-cost pilot  displap of VLF guidance 
superior t o  VORTAC displays,  but their  attendant high cockpit  work- 
load i s  avoided. By the use of the  near ly  rect i l inear  coordinates  
of the VU? or LF systea,  reporting the posit ion of t h e  a i r c r a f t  
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t o  t he  low de.mity airport ,  t o  o ther  a i rc raf t ,  o r  a l o n g  a low 
density ahway below the radar.  coverage is possible with simple 
tone data transmission. This l a t t e r  f u n c t i o n  may  come alnost  
f o r  "free" with adequate and creative system planning, since %he 
coordinates of oblique-parallel systems lend themselves t o  this 
major ATC advantage. One can envision a national general  aviation 
ATC service of navigation, posit ion reporting, let-down, proximitgr 
signals t o  other aircrzlft,  etc.,  all integrated,  for a s m a l l  frac- 
t ion  of VOR'PAC costs.  
Figure 11 enphasizes another ATC (R & D )  area--that is, 
landing aad airports .  The impact of,  say, the  new SC-117 landing 
system, when it becomes o2erational on xodern jetports, can be 
quite pronounced. I n  f a c t ,  some studies suggest that the modern 
design of an eff ic ient  a i rpor- t  i s  now f u l l y  dependeat on the :evolu- 
t i on  of such a microwave system (see the DOT/ATCAC repor t ) .  In  
essence, the complex microwave scanning beam guidaxe can be a s  
much a pa r t  of the functioning of the  future  je tport  as  the coa- 
Crete i n   t h e  runways and the taxiways and the terminal buildings.  
This thought bas not really received widespread acceptance as yet, 
b u t  i s  probably sig.nificant t o  any R & D i n   t h i s  a i r p o r t  cagacity 
area, since lead times of 5 t o  7 years a r e  typical before implemen- 
tation occurs. 
Effect ively,  the abi l i ty  t o  q e r a t e  an a i rc raf t  wi th  
lower noise, more t r a f f i c  c a p a c i t y ,  a t  lower v i s i b i l i t y  limits, 
and with equal o r  be t te r  sa fe ty  i s  now dependent upon understanding 
the relat ionship of a new microwave guidance and landillg s2-stem t o  
the (1) spacing of runways, (2)  runway lengths and aiming points ,  
and ( 3 )  electronic  surf ace control .  In  fact ,  i f ,  for  exzuple ,  the 
actual,  physical  si t ing (location) of the scanning beam radiators 
does not 'become as important a c r i te r ion  in  je tpor t  des ign  as, say, 
run-wqy length,  the signals m a y  be d is tor ted  and the i r  po ten t i a l  
benefits seriously diminished. Taxiways improperly located i n  
f ront  of the ve.ctica1 guidance unit can r e s u l t  i n  l a r g e  a i r c r a f t  
standing i n  f r o n t  of o r  i n  t h e  v i c i n i t y  of the radiating system. 
This would a f f e c t   a l l   r a d i o  guidance of any f orm t o  ozie degree or 
another. N a r r o w  microwave beams, wisely used, can avoid airport 
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AN EXAMPTZ OF INTERRELATIOXSEEPS BETWEEN A N W  ILS BND AIRPOR!! RESEgRCH 
disturbances that are catastrophic t o  VHF radiat ing systems. 
By designing the airport  coxvX.gdration and microwave l a d i n g  
systern in f u l l  concer-t, this degradatiozt need not happen. 
Obviously, s c i en t i f i c  da t a  must be available f o r  this harmonious 
design and a "breadboard" or %est-bedtl airport i s  suggested. 
Along wi th  o ther  na t iona l  av ia t ion  tes t  fac i l i t i es ,  we cax rnake 
a science of these ATC matters and remove the past  process of 
intui t ive  decis ions and "guesstimates. Similarly, the   locat ion 
oP new, l a r g e  h a g a r s  for jumbo j e t s  can adversely affect  the 
airport approach performaace of the new ILS, par t icu lar ly  a t  wide 
azimuths, f o r  curved approaches. Both hangars and Widance must 
be considered i n  new airport  desigm or airport expansions. 
V i s ib i l i t y  measurements along the lengt3 of instrument 
runways, a t  seve.r_.al points, is increasiwly inportant  i f  a given 
v i s i b i l i t y  i s  assured t o  the pilot before descendiag "blind" t o  
his decision height during a landing approach i n  low v i s i b i l i t y  
weather. The p i l o t  cannot determine th i s  va lue  f o r  himself 5 
thus, it must be quant i ta t ively measured, and he must be effect-  
ively guaranteed that adequate forward visibility exists for this  
f i n a l  v i s u a l  alignmen% where small cross- t rack,  ver t ical ,  and 
heading crab-angle errors must be minirnized. 
For maw years t o  cone it i s  e q e c t e d   t h a t   a l l  low- 
v i s ib i l i ty  landings  w i l l  be radio-guided t o  a low descent point 
and then  "see-to-land" i s  essent ia l .  The f u l l  i n t e g r a t i o n  of 
the RVR (runway visual range) data with the radio guidance data 
transmitted t o  t he  p i lo t  i s  an  obvious necessity since RVR can 
change rapidly, possibly becoming less than required in only a 
f rac t ion  of a minute. Here i s  aa obvious interrelationship 
wherein the presently isolated data shozld be transait ted t o  a 
cockpit display of RVR, using the transmission capabili ty of 
the SC-117 microwave system. RVR data measured by the  t rans-  
missometers i s  fed t o  a d i g i t a l  scan-to-scan data transmission 
means using the la;zdiL7g beams. 
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C. DIFPICXMT OF  AT2 SYSTCEM RESFARCH 
Figure 12 suggests sone of the  problems of ATC system 
engineering that are unique and often n o t  faced i n  other system 
engineering challenges. Since A'PC operates 24 ho-icrs a day con- 
tinuously and in to  the  fu tu re  as far as can be seen, there is 
l i t t l e  o p p o r t u n i t y  t o  shut it down ana change over or t o  replace 
o l d  f a c i l i t i e s  w i t h  3ew ones. Thus, for exmple,  the new micro- 
wave ILS nust  be instal led with, and co-exist on, the  same runways 
with the old vEIF/uHF-ILS f o r  some years t o  come. This i s  t r u e  
because the  changeover in  a i rborne  equipments w i l l  occlu very 
gradually, yet those adopting the new microwave airborne uni ts  
w i l l  r ea l i ze  immediate benefits .  
Not  all users  w i l l  want these benefits ,  however, and 
they cannot be forced to use the "new, n o r  denied the use of the 
''old." This "coexistence 5 n  ATC i s  a serious cost  and engineering 
problem. Costs  are higher since (1) both (old and new) systems 
must be raaintained €or some t ime (unt i l  the  new airborne units 
a re  in widespread use), and (2)  engineering of the i n s t a l l a t ions  
i s  difficult  because the exact saxe location is needed f o r  l o s a t -  
ing the tw:, separ'ate radiating systems. The engirreering of t he  
i n s t a l l a t i o n  of a microwave scanning beam azimuthal  s i te  (a t  the 
ro l lou t  ead of the r a n w a y  and oa i t s  cexberline) must consider 
the  fac t  tha t  a large,  100-foot-long and 8 t o  10 foot high VI€!? . 
loca l izer  m x s t  remain i n   t h a t  sane location. In f a c t  , t h e  intro- 
ductioa of the  new microwave equipment with i t s  bulk a2d volume 
cannot adversely affect the VHF s ignals  (by r e f l ec t iozs  or 
re-radiation); nor can the reverse occur, where tne large VHF 
ante.nna may adversely affect  the si t ing and ope2ation of the 
microwave scanning beam signals.  
Co-lozation i s  essea t ia l ,  wi th  the  microwave sp tem 
"overlooking"  the VHP system.  This i s  electroL?ically  acceptable 
but the cornbilled heights may increase the obstructioll clearance 
c r i t e r i a  s o  as t o  force relozat ion of  both units fur ther  from 
threshold t o  s t a y  adequately below the obstacle-slope line. If 
the lnicrowave antenna is 8 feet  high on top of an 8-foot  VAF 
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localizer (such as a waveguide radiator operating at 110 MHz), 
then the combined height is  16 f e e t ,  which would i n  many cases 
be unacceptable a t  CAT I1 aad I11 j e tpo r t s ,  fo rc iq  backse t t i ng  
t o  remain below the obstacle l ine.  
T h i s  i s  but one of hundreds of examples of  the engin- 
eering and design problems of modernizing any llon-line" system, 
but it is  except ional ly  severe in  ATC because of safety and the 
physical  impacts of the  equipment in s t a l l a t ions  on a i rports .  It 
f u r t h e r   c a l l s   f o r  much more sophisticated B & D t o  envision the 
"coexistence" period that can ultimately lead t o  a major modern- 
iza t ion  of ATC by evolutioa and coexistence. 
The rapidly chmging vehicle and user  demands f o r  ATC 
services i s  a l s o  a reasoa wm M C  research and development i s  
d i f f i c u l t .  One is  a o t  dealing with a standard demand.  The  demand 
is changing as t o  the nature of the services,  as well  as the qual-  
i t y  and quaati ty of the services.  Landing services f o r  SST o r  
jumbo jets are completely different froin those f o r  a DC-3 o r  a 
helicopter. The SC-117  plan i s  intended t o  have 7 o r  more 
"configurationsn t o  cover t h i s  spectrum of a i r c r a f t  and user  
demands. SC-117  is our  first n a t i o n a l  attempt a t  an ATC systea 
concept t h a t  h a s  f l e x i 5 i l i t y  i n  s e r v i c e s ,  c o s t ,  and user options 
(civil-nil i tary-general   aviation-airl ines).   Airports must a l s o  
be devised f o r  optimizing VSTOL se rv ices  tha t  d i f fe r  markedly 
f r D m  j e tpo r t s  
The  many technical disciplines,  and poor communications 
between p i l o t s  and engiaeers, between electronics  and aeronaxtics, 
and between major aviation agencies further complicates ATC R & D. 
Each of the  i tems l is ted i n  Figure 12 w i l l  be important, since an 
underestimate of the complexity a d  d i f f i c u l t y  of modernizing the 
national ATC system w i l l  assure  fa i lure .  Many  do not appreciate 
the large range of complexities relating t o  what is probably our 
most complex system 02 the "70's. These parties continue t o  under- 
es t iaate  the problems and, of course, the nature of  the solutions 
required. A r e a l  danger t o  aviation is  t o  underestimate the impact 
of the success o r  f a i l u r e  o f  ATC developments on aviation's future .  
56 
I -  
D -  EXCHANGE ~~ OF - DATA BET- AIR AKD GROUND 
Figure 13 schemat ica l ly  i l lus t ra tes  an important design 
"
parme te r  of an ATC system: the exchange of data. Although we 
w i l l  devote a separate section t o  this subject because of i ts 
importance and impact on aeronautics, it is introduced here t o  
f i t  i n  context with other generalized concepts. If excessive 
information aboLt the  a i rc raf t  ex is tx  o x  the  grmnd relat ive t o  
what e x i s t s   i n  each ai-craft under control, then there must be 
an excessive transmission of data  f rom the ground surveillance 
system t o  the  may indiv idua l  a i rc raf t .  T h i s  i s  noted as a bar 
graph in  the  middle of  Figure 13. 
I f ,  hDwever, the ATC system i s  based on a theore t ica l ly  
perfect  Area-Yav system, it a l l o w s  each a i r c r a f t  t o  a f fec t  i t s  
own ATC functions, such as maintaining (1) track, (2) "along-track" 
positioning, ( 3 )  track velocity,  and (4) track spacing t o  other 
a i r c ra f t .  The air-derived data w m l d  then be relayed t o  the 
ground con t ro l  f ac i l i t y ,  and t h i s  too would be an excessive 
exchange of data. 
I f ,  however, the lower example i s  achieved where both 
a i r  and ground (Area-Nav and Surveillance) are balanced and 
improved t o  complement each other,  giving the pi105 his needed 
ATC informat ion and the control ler  his needed ATC informati_on, a 
bal-zlce i s  struck and the data exchange i s  mkhized .  This  i s  not 
t o  suggest that we w a n t  t o  s t r i v e  o n l y  f o r  reducing the data 
exchange, but t o  note that data exchange cannot make up f o r  basic  
def ic iencies  that  may exist. Excessive data exchange a l s o  i s  
ind ica t ive  tha t  e i ther  the  a i r  o r  ground is suffer ing f r o m  inade- 
quate data f o r  ATC purposes. 
A s  a r e s u l t  of the  fac t  that the  V O R U C  i s  an o l d  and' 
weary system, still being modernized and updated, it w i l l  soon  
f a l l  s h o r t  of many desirable and essent ia l  ATC features required 
i n  an Arsa-Nav system with adequa-be capacity. This assumes that 
the present growth and congestion projections for aviation w i l l  
hold true.  Because of V O R U C '  s on-board weaknesses in ATC, we 
have rel ied heavi ly  on the  more recently adopted aud implemented 
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surveil lance sgstems. The modern SSR technology and i t s  asso- 
ciated signal processing has leaped ahead of  VORTAC in the  pas t  
few years and, as a resul t ,  survei l lance o r  "ground-oriented" 
ATC predominates. SSR' s greater accuracy (about ten t ines that 
of VORTAC) and the  d ig i ta l  na ture  of i t s  a i r c r a f t  da-ba transmis- 
sions have allowed vast s t r i d e s  i n  ATC automation of posit ion,  
a l t i t ude ,  and ident i ty  da ta  of many a i r c ra f t .  SSR data has 
great ly  enhanced gro-md control  with digi ta l  computers and con- 
puter-driven displays o f  alpha-numerics. 
T h i s  progress i n  surveillance i s  conmendable and i s  
essent ia l  t o  ATC capacity, but should now be balanced with an 
equally aggressive and farslghted plan for equally improved p i l o t  
information on (1) track deviation, (2) t rack posi t ion,  ( 3 )  t rack 
velocity,  and (4) air-air  track spacing that matches the accuracy 
and u t i l i t y  of the control ler ' s  data .  "Wide-Area" coordinate 
systems are mos.t l i ke ly  t o  achieve this goal using LF or VLF 
transmissions. Possibly the best of Omega and the best  of 
L o r a n 4  combined i n  a new n a t i o n d  system would typ i fy  th i s  
new goa l   i n  ATC technology. 
E. - TRENDS L N A V I A T I O N  GROWTH 
Figure 14 i l l u s t r a t e s  t he  t r end  of  aviat ion 's  growth. 
The general  aviat ion aircraf t  and p i lo t  a r e  becoming more capable 
of operating :in the  ATC systea. The ATC transponder (SSB) has 
had a large influence 0 3  t h i s  change, with tens of thousands of  
un i t s  now operati-cg i n  general  aviation aircraft .  The potzn t ia l  
of  a n e w  Area-Nav system with coverage nationally mited t o  general 
aviat ion 's  neecls would a l l o u  this c lass  of airspace user t o  avoid 
dense areas as well as t o  optimize and expand the use of otheLxvise 
unused  airspace. New, low-cost VHP communications receivers 
giving more channelizatioa t o  general  aviat ion,  pi lot  display 
aids, DME, etc.,  are further adding t o  this genezal aTiation 
ATC-IFR capability. Today's navigation and ATC semices  tend 
t o  sake aircraft  congregate in a limited airspace, while vast 
areas of airspace are no t  equally usable because adequate naviga- 
t ion services  do no t  exis t .  New navigation concepts hereifl 
L 
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described can overcome tbis ATC wedkness. 
The po ten t i a l   r i sk  t o  o ther  genera l  av ia t ion  t ra f f ic  
and par t icu lar ly  t o  a i r l ine  t ra f f ic  increases  wi th  this develop- 
ment, since general aviation a h c r a f t  t e n d  t o  be operated by one 
p i l o t ,  r a s u l t i n g  i n  a very heavy workload on tha t  s ing le  (minimum 
t ra ined ,  genera l  av ia t ion)  p i lo t ,  whi le  in  a i r  t ranspor t  a i rc raf t  
the pi lot ,  eo-pi lot  and of ten a th i rd  of f icer  share  the  load  
required i n  complykg w i t h  ATC. A t  l e a s t  when needed, the multi- 
p le  crew members of an air transport can carry peak ATC workloads, 
while the general aviatioa pilot normally cannot do this .  T h i s  
suggests  that  s implif icat ion of ATC procedures, navigation, etc., 
is required foil general aviation. 
Thus, as  the capabi l i ty  t o  operate i n  I F R  or t o  comply 
with the minimum ATC requirement increases, the r r m i x r r  of a i r l i n e s  
and general  aviat ion in  a given airspace will increase over the 
years. This is suggested in Figure 14 by the  shaded overlappirg 
areas. Effectively , general  aviation i s  n o  longer a VER only 
act ivi ty ,  but  i s  rapidly changing t o  include IFR operations as 
well .  This infers that i f  general  aviation's small a i r c r a f t  " m i x "  
wi th  a i r l iners  tha t  a re  i n  the same or adjacent airspace, the two 
services must have sone cmmon denominators t o  assure  the i r  
separation, expedition of missions, and avoidance of coll isfons.  
The engineering of  new ATC f ac i l i t i e s  t ha t  a r e  f i r s t l y  des igned  
for  major capacity increases, accuracy, and low cost so t h a t  
general  aviation as well as others  needs are  fulf i l led seems t o  
be essent ia l  t o  the  coming national aviation needs. 
This does n o t  imply that the new f a c i l i t i e s   f o ?  ATC 
w i l l  not aid ATC transport  and DOD operations extensively, but 
that t h e  c r i t e r i a  f o r  selection, validation, and plans fo? R & D 
of new ATC f a c i l i t i e s  must meet these general  aviat ion soah 
first and include others as well. Since it i s  anticipated by 
most  analysts  that  the col l is ions w i l l  go up as %he square of 
t h e  t o t a l  a i r c r a f t  in a common AIDC area, then the major increase 
i n  t h e  shaded areas of  Pigure 14 w i l l  suggest that  the risk will 
increase about 9 t o  10 times over .the coming decade. T h i s  i s  
p' 
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based on FAA and DOT ATCAC projections. To improve a i r  trans- 
port  (airl ine) safetg- it m a y  be necessary t o  f i r s t  so lve  genera l  
aviat ion 's  ATC problems and then base the national ATC system 
solution on this.  Such an idea i s  admittedly the reverse o f  
past  his tory,  but  past  his tory of ATC def ic iencies  suggests  that  
re-ordering of p r i o r i t i e s  and future concepts i s  needed. 
We will s t r e s s  i n  seve ra l  p l aces  in  th i s  r epor t  t he  
impact o f  general  aviation and the need t o  ident i fy  the t o t a l ,  
national problems created by general aviation's expansion. Means 
t o  solve these problems i n  a few s h o r t  years w i l l  be suggested. 
Figure 15 sxmmarizes possible  s i tuat ions that  may force 
the creation of  a national ATC plan on a broader and accelerated 
basis  than now exists.  Effectively,  most of the  events  l i s ted  
may  seem alarming t o  s m e ,  and they are related t o  the increased 
r i s k  now being accepted wlth larger aircraft, where a slngle 
accident can be of great natioaal importance because of the 
hundreds of l ives involved and what can be over  a 100 mill ion 
dollar l o s s .  
The risk i s  measurable d s o  i n  the nat ional  dependence 
on the air transport  sgstem t o  carry an increasiagly important 
load that i s  d i r ec t ly  r e l a t ed  t o  the nat ion 's  economy.  The rapid,  
eff ic ient  t ransport  of people and goods has done much t o  contri- 
bate t o  nex industry, new concepts o f  production and dis t r ibut ion,  
and t o  improve the general  status and well being of society. 
A i r  t ransport  has been so successful in many areas that other 
forms o f  t ransportat ion are  of ten no longer competitive and, i n  
f a c t ,  have been terminated, leaving large populatioxs f'ully 
dependent 02 a i r  t ranspor t  ra ther  than  ra i l roads .  
The rai l roads are  the inain exmple of the l o s s  of a l t e r -  
native modes of t ransportat ion,  but  shipphg is a close secoDd. 
The auto and bus m a y  p a r t i a l l y  f o l l o w  s u i t  in  a few years as the 
surface congestion i s  becoming extensive. To solve the nation's 
transportation needs of  the fut-me primarily by surface may becoae 
economically impossible since surface transportation must often 
displace vast rea l  es ta te  imes tments .  
J 
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Thus, we run t h e  r i s k  of an increasing national dependence 
on air  t ransportat ion f o r  the  natiollal economic hea l th  and well  
being that  may n o t  be supported because of aviation's limitations 
caused mostly by long lead times required f o r  modernizing o r  
r ep lac ing  a i rpo r t  f ac i l i t i e s  fo r  aiLqorts and insuf f ic ien t  capa- 
c i t y  of ATC systems. 
The so-called ATC c r i s i s  may become aa aviak ion  cr i s i s  
before .we have time t o  modernize. This can affect major a i r  car- 
r i e r s  and  airframe manufacturers, since i f  the BZCC system does 
not allow increased nunbers of a i r c r a f t  t o  operate  eff ic ient ly  
and profitably,  they will nof be operated. The p-ublic 62leration 
of AT2 delays of  up t o  two hours reaches the point where the avia- 
t ion t ransport  systea i s  self-defeating. R u n w a y s  and major elec- 
tronic suppor-ting systems n-1st be added t o  the ATC complex t o  
a l l ev ia t e  t h i s  c r i s i s .  
Although mid-air collisiolrls are rare, they attract 
enornous attention. Even a single-eagine aircraft  can bring down 
an a i r l i n e r  i f  they collide in zid-air. Merely perpetuating rules 
and regulations skating that such aircraft must avoid each other 
i s  of l i t t l e  value unless the technical means ex i s t  f o r  each p i l o t  
t o  comply f u l l y  and raadily.  Low-cost, wide-area navigation i n  
three  dimexions and iacreased   p i lo t   t ra in ing  for general  avia"' ~1 on 
i s  oae solution. Proximity warning iildicators (FdI) usPd a s  a 
pa r t  of the  s :u 've i l lance  aems in  N C  w i l l  a l s o  a s s l s t .  Howaver, 
the prime method of co l l i s ion  avoidance i s  a b e t t e r  ATC system 
with aajor  increases  in  capaci ty  and lower cos ts  s o  thai- all 
users  cm eas i ly  par t ic ipa te .  
P. SEIiVO SYSTE3 ANALOGY 
The t o t a l  ATC system can be considered a massive servo 
system with multiple controls. Each a i r c r a f t  i s  cont ro l led  in  
accordance with a time-position relationship t o  t he  to t a l  flow 
of  t r a f f i c  by ATC. Each a i r c r a f t  i s  a l s o  re la ted  t o  other air-  
c r a f t  t o  maintain  adequate  separation. It i s  the l jmits  of sepa- 
ration that f inally determine airspace capacity.  Extremely  high 
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. coordinat;e accuracy w i l l  a l l o w  the closest spacings and the best 
t o t a l  t r a f f i c  "f low" o r  system  capacity. However, each  a i rc raf t  
tends t o  d r i f t  r e l a t i v e  t o  the idealized time-position condition 
so  that  re la t ive spacings become impaired.  Because of t h i s  d r i f t  
and variations in the posit ioning data,  excessive spacii lg is 
of ten needed t o  assure that a l l  tolerances a r e  accounted f o r .  
I n  any servo system the positioning of the object ( s a y ,  
a synchro shaft) i s  controlled by both displacement information 
a d  r a t e  iaf ormation. I n  f a c t ,  many servo systerns use a feedback 
of both the displacement and r a t e  of chmge of displacenent, 
employing two sensols at the control device, such as 3. synchro 
f o r  displacement and a rate generator f o r  angular velocity. A n  
optimized cambination of displacement and r a t e   r e s u l t s   i n   t h e  
best  performance i n  servo systems. 
In ATC we seem t o  work only with displacemellt control 
data  and do n o t   u t i l i z e   t h e  powerful t o o l  of rat-e data that has 
been accepted in  other eagineering circles f o r  some 49 years or 
more. Before rate inforlnation was available in servo design, 
the "on-off" servo j i t t e r e d  back atxi forth,  overshot from large 
displacemexbs, and was limited i n  i t s  applicatioa. With t h e  
addition of rate information, which came about becaase of the 
development o f  new instrumentation and circuits,  servos took on 
a ne'w m d  f a r  more s igni f icant  pos i t ion  in  our tec.bology. 
It seems t h a t  we are  now in  the  s t a t e  of ATC technology 
where we have not really accepted rate information into the ALCC 
control process. What r a t e  d a t a  e x i s t s  i n  ATC !nay only be p a r t i a l  
or at the  wrong pa r t  of the control loop. Because SSR surveil lance 
(ground) data are about ten tines s-clperior ia displacement (posi- 
t ioning of an aircraft)  accuracy than VORTAC and i t s  Area-Nav 
application, it is  l i t t l e  woDder thak whal; ATC rate-data i s  
gexaerated i s  generated on the ground. 
However, since the ATC rate control mechanim i s  i n   t h e  
physical nature of  a i r c ra f t  con t ro l s  such as power, f laps,  speed 
brakes,  path stretc-hhg, etc. ,  the value of ra'Ge information only 
on the ground is greatly diminished in the overal l ,  t o t a l  ATC 
control process. Ra-be can be determined by the use of circuits 
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thal; measure t h e  r a t e  of chmge of displacement, but if the dis-  
placement data  i s  poor the rate-data is even  worse. Thus, t i e  
use of good r a t e  i n f o r m a t i 0 3  for iaproving any control process 
is often dependent upon acceptable di.splacement data. 
Consequently, i n  t h e  M C  process the improvement of 
the "on-board" posit ioning of the aircraft  with contiguous (ground- 
locked) constmt accuracy coordinates, smh as  LF and VLF, pro- 
vides f o r  t h e   f i r s t  time means for  obtaining cockpi t  ra te  informa- 
t ion.  The  Area-Nav and airway concepts create ATC t racks;  the 
spacing 0.f t ra f f ic  f lowing  on the tracks determines the t o t a l  
system capacity. Aeronautical restraints, such as  wake turbulence, 
w i l l  ul t imately ljlnit spaciilg, but the guidance and co3trol i n f o r -  
Dation of ATC should i n  themselves ne-Jer be the l imit ing factors  
on the  spachg of a i r c r a f t  on a coiamon track. 
The spacing of several  aircraft  along the A.TC t racks 
mlst be Sased on track-rate information t o  sastain the coxstant 
veloci ty  of  "group velocity" esserttial t o  both ATC c r i t e r i a  of 
h igh t raff ic  f low and adequate separatioxl between a i r c ra f t .  The 
addition of ra te  da ta  i3 the cockpit will complemest the  ra te  
data that can be generated by the  ground control system usi,x SSR 
and digital  coaputatioils .  The applicatiox of  ra te  i i l foraat ion 
in  ATC i s  such that it must  be ailplied both i n  t h e  xir and on  the 
ground in  concer t .  Applying r a t e  a t  only ole end and not a t  t he  
other of the coatrol  ATS l o o p  w i l l  not provide the required results.  
Atteapts t o  r e l w  groxnd computed r a t e  v i a  da t a  l i nk  
t o  a l l  a i r c ra f t  r e s : l l t s  in compounded cmplex i t i e s  of addressing 
messages, acknodledgxents, data rates, channels, mstaining dozens 
of such t o o l s ,  and s o  for th .  The measuremerk of t he  r a t e  da t a  
d i r ec t ly  w i t h  on-boerd st?nsors i n  terms of  t he  on-board displace- 
ment information sptimizes the solutiol. This dDes no-b eliminate 
separate  ra te  sys terns, such as acceleroxeters and i n s r t i a l  units, 
but w 8  want t o  avoid ,dependence on t9ese auxiliary solutions 
becaxse a l l  a i r c r a f t  should be capable of  deriving the benefits  
of rate with simple low-cost mens. 
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G. G L ~ O T  -m9RM.ATION ON TRACK SPEED AND TRACK SP'CINS 
Providing the pi lot  with rate  information in  the cockpit 
i s  an important step i n  azy plans fox' increased ATC capacity. The 
current Area-Nav "along" airway posit ioning data i s  poor and i s  
n o t  used i n  the VORTAC Area-Nav coacepts. It is this "along" 
airway posit ioning and r a t e  of  change of  posit ioning (due only 
t o  a h c r a f t  motion) t h a t  is the  idea l  ATC r a t e   t h a t  must be added 
t o  the overall  AT0 process t o  achieve a t o t a l  servo system analogy 
of ATC. The r a t e  feedback in  the cockpit i s  achieved by t h e  p i l o t  
comparing the ATC rate-control commands with measured t r ack   r a t e s  
and spaciag. The p i l o t  i s  the only - par t  of  t he  ATC co r t ro l  l o o p  
t h a t  can a f fec t  the  d i rec t  ra te  coa t ro l  requi red .  By sensing it 
d i rec t ly  on-board the mult iple  a i rcraf t  on a common track m d  by 
giving o+board data t o  the  p i lo t ,  th i s  miss ing  element can pro- 
vide suitable coordinates and must be avai lable  for  this  type of 
on-bmrd rate  sezsing.  
The display of oa-track spacing of ' I f  ore and aft" t r a f f i c  
i s  colnplementary t o  the on-board rate  aDplicat ions,  s ince the rate  
i s  used t o  control the spaciag of a "group-velozity" funztioa. 
A l l  a i r c r a f t  i n  the  "g roq"  must be commxrded t o  f o l l o - d  the same 
r a t e  of track traversal .  Thsg each must be able t o  sense and 
u t i l i z e  t h e  common ra t e  a s  i s  comanded for the  gro'up. The spac- 
ing  sus taked  or commaaded must be controlled by very s l ight  
changes i n   r a t e  of t rack t raversals .  
These s l ight  accelerat ioss  are  t o o  minute t o  sense i n  
the SSR systen in many cases and conpletely beyond the reach of 
VORTAC. Thus, i f  t h i s  secoxd ATC ra te  funzt ion (accelerat ion)  i s  
t o  be avai lable  in  the cockpi t ,  which is  the oxly place i t s  func- 
t i oaa l  a id  ( r a t e  of  change of  t rack  ra te )  c a  be applied t o  ATC 
control,  then the direct  sensing of the coordi-aates i s  required. 
"Broadcast-control" eaphasizes the us5 of ra te ,  separat ion,  and 
track acheaules of all a i r c r a f t  f r o m  a commo:1 s e t  of broadcast 
data and coordiDates.  "Close-control"  eaphasizes  compdtation of 
r a t e  in ground  computers. Both r a t e  computations  are  compatible 
and essent ia l  t o  high-capacity ATC tha t  i n fe r s  t;hs closest  o f  
L 
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spacing along tracks into and o a t  of ternjllal areas. Rate control 
in AT; requires  bet ter  a i rcraf t ,  aeronaut ics ,  pi lot  displays,  
etc., than aow exis t .  
H. €!3OI?3SAL FOR A NATIONAL ATG RESEBRCH INSTITUTE "-
When one compares the process of  1 . a ~  and the engineeriag 
process for deciding on a new system, one notes major differences. 
The law has established accepted ground ru l e s  f o r  the adversary 
process i n  wbich fact-finding, open search f o r  information, 
writ ten briefs,  etc. ,  provide the information needed t o  arr ive 
at opinions and decisiozls that guide the natLon. The electronic 
system techcdogis t  has  n o  suck s e t  of recognized rules, co-arts, 
o r  methodology by which he can foresee the means f o r  a ra t iona l  
system decision that also affect  the nat iol .  To c i t e  one o f  
several  exmples,  we have had soae 20 new, costly,  but incompat- 
i b l e  landiag system developments i n  the last decade. No means 
has  exis ted for  the nat ional  tes t iag,  adjudicat ion,  and dec'lsion 
process based on  s e t s  of national requirements. 
Since the military opelate more a i rc raf t  than  the  air- 
l i n e s  and have aviation investments exceeding those of  the  a i r l ines ,  
t h i s  cannot be doae un i l a t e ra l ly  by the FAA. I n  f ac t ,  t he  PAA has 
not provided the much ne2ded knowledge and raw material f o r  these 
large system deteFminations +ha% involve a l l   u s e r s  o f  th5 air- 
space including the m i l i t a r y  and g e x r a l  a v i a t i o r .  Lacking any 
other means, a body such as the RTCA must be used as the mechanism 
f o r  making the  r igh t  systeln decision, and this case (of a 2ew 
l a d k g  system) w a s  a voluntary approach and oaly those that  had 
the  inc l ina t ion  or the spare t ine could participate.  Although of  
great value, thmsands of man-hours are often spent by represexta- 
t i ves  of industry who have t o  market proitucts relating t o  the 
committee's  deteimination. These comi t t ees  a re  nea r ly  a l l  "a3- 
hoc," there Seing no peraanent "technological cour.'t" for systsn 
decision m . a k i n g  involving dozens of conf l ic t ing  ideas .  In  fac t ,  
many of t he  ad-hoc committees have few va l ida t ioa  r spor t s  01' 
quant i ta t ive data  t o  work with. If such data  i s  available,  the 
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committees oftexl do not .have time t o  stilCiy it as most  members 
hme  re spons ib i l t t i e s  elsewhere. 
The l a v e r ,  f o r  example, cart start a case  in  a federa l  
taint that is  independent of the executive a d  l eg i s l a t ive  bodies 
0.f the  government. Similarly, a new sys%em must be s t a r t ed  some- 
how i n  a manner tLat is no t  solely FAA dominated, DOD dominated, 
NASA dominated, o r  perhaps based on  some commercial company's 
x r r r 3 ' w  coacepts of the national needs. Althollgh the FAA i s  charged 
w i t h  ATC R & D ,  t he  r e su l t s  do not a l w a p  sat isfy the other  agencies ,  
the ai r l ines ,  general  aviat ion,  e tc ,  The FAA i s  a l s o  involved i n  
control,  regulatory,  md policing functioas not conducive t o  R & D. 
The PAA often appears as the inventor, the developer, the imple- 
menter, the operator, and the rsgulator.  'phis does a o t  provide 
any independent outside input t o  a r r i v e  a t  a balanced national 
plan but  ra ther  resul ts  in  inbred decis ions by a single agency 
concernin2 ATC and other matters. 
Some means for providing a techological  adjudicat ion 
and validation process must be established if indegd the 5 t:, 10 
b i l l i on   do l l a r s   p ro j ec t ed   fo r  ATC modernization are t o  s a t i s f y  
the .needs of a l l  the users of aviation and i f  t he  ATC system i s  
t o  be operated within reasoaable annual costs (Figure 16). As 
it i s  jlow consti txted an operator such as the FAA, ovel-bxdeaed 
with the daily problems of swvival  with the exis t ing ATC system, 
c m o t  be charged with the massive load of new developmnt and 
moderaization.  Possibly a new national  "think-tank"  devoted 
solely t o  ATC t ecbo logy  i s  needed. 
The main functioa of t he  AT3 "think-tank" ( s a y ,  an 
I n s t i t u t e  of A i r  Traffic Research) i s  t o  provide a n  o3jective 
analysis of al ternatives,  quantitative evaluations,  etc. ,  t o  
t h 4  decision makers, The research  ins t i tu te  would probably have 
t o  be independeatly operated t o  p rov ide  the  c lka t e  f o r  creat ive 
work, t o  pay the required salar ies ,  and t o  a t t r a c t  a top profes- 
sional staff. These m e  not unwarranted conditions i f  t h e  calibe. 
of effort  comensurate w i t h  the  "ATC-crisis" and the challenge 
t o  overcoae it i n  a decade is t o  be met;. The ins t i t u t e  wmld  
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supplement the ad-hoc a c t i v i t i e s  that a re  now attempt- t o  per- 
form this Punztioa, such as RTCA, many ad-hoc government ATC 
committees, etc. (see a p a r t i a l  l ist of a few of t h e i r  r e p o r t s  
i n  Section I1 of th i s  repor t ) .  When such ad-hoc cormnittees m e  
formed o r  dec is ions  me t o  be made, they w i l l  have some r e a l  
knowledge and ver i f i ed  r e su l t s  (developed by the think-tank), 
n o t  merely the  exkended policy of  sone agency zpoa wbich t o  judge. 
Furtherinore, t o  bui ld  a staff wortw of the professioa 
of ATC System Technology will take t k e .  U n i v e r s i t i e s  must pro- 
vide new educational opporbmities f o r  students in the several  
aviati0.n systems areas. New t a l e n t  must be created and enco-xr- 
aged fo r  many years s o  as t o  have the reservoir  of  knowledge t o  
develop what 1 s  r e a l l y  needed i n  ATC. T h i s  has been done i n  
o.t'aer technical  sneas ,  par t icular ly  in  defense where t h e   R a d  
tgpe corporatioas provide the lfthink-t;anklf inputs needed for 
plazming and decision making i n  major defense technology areas, 
ATC technology i s  now becoming a major  area that  
deserves the mpport of at l e a s t  one R a n d  type of operation. 
Objectivity and sustained funding are essen%ial, because s o  
m a n y  previous shortcomings a r e  due t o  the mere extrapolation 
of the  past  or lack of sustained ATC research. A new organiza- 
t i o n  f o r  t h e  ATC "think-3ank" is suggested rather than the 
remodeling of ax older existing organization, even though several  
possible candidates are available becauss of the  reduct ion  in  
needs f o r  the i r  se rv ices  in  defense .  These existing organizations 
themselves become oyiezted toward  mili tary thinking, which i s  
e-at i re ly  different  f rom what i s  reqa i red  for  ATC. 
The polit ics,  technology, economics, r i sk  l eve l s ,  
in te rna t i  oxla1 aspects, all d i f f e r   i n  ATC as  conpared with defease. 
Consequatly, the assignment of ATC research t o  a re-oriented 
defense "thi,nk-tank" i s  :m.t advisable. A new organization with 
new concepts must be created. It must have adequate funding 
and assurance of a t  l e a s t  f i v e  g e a r s  of l i f e  as well  as adequate 
s a l a r y  ranges t o  a t t r a c t  fram a l l  so1u"ces %he t a l e n t  needed. 
This orgaaization should a l s o  be responsible  for  ass is t ing in  
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acceleratiw the developaent of nex t a l e n t  by new ilniversity 
programs in AT3 t o  provide a fu ture  staff f o r  t he  ATC ins3i tute .  
T h i s  is not t o  say that  several tale.nted individzals in the 
military "think-tanks" do no-: ex i s t  who m e  alreaity oriented 
to ATC technolorSy. In fazt ,  the objective should be t o  a t t r a c t  
these people into the new ATC technolo,gy organization. With 
abo-at 12 t o  15 Si l l ion  dol la rs  requi red  aere ly  t o  operate ATC 
and then possibly another 5 t o  10 b i l l i o a   d o l l a r s  :?squired t o  
modernize it during the comiDg decade, certainly a "think-tank" 
funded a t  a l eve l  of  several  mil l ion dol lars  a year wmld save 
i t s  cost  m a n 3  times over. Without a more scient i f ic  and 'object-  
ive approach than at present;, billions are apt t o  be spent 
unwisely. 
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I V .  LARGE-SCALE ATC TESTING  FACILITIES 
The aeronautical engilleer has the 11mqy of t e s t i n g  
many of his t o t a l  vehic le  ideas  in  wind tunnels, There ex i s t  
today i n  the United States possibly 100 wind tunnels of diffe- 
rent sizes,  spseds,  costs,  etc.  No aeronautical  engineer would 
be expected t o  commit hinself  t o  a technical  solut ioa until 
some va l id  da ta  is available. In the ATC area (an3 and a l l  
e lec t ronics  tha t  a re  used i n  r ad io  &.da?xe) there  a r e  no equiva- 
l en t  t e s t  f ac i l i t i e s .  Adn i t t ed ly ,  t he  FAA has the FIDO ( f l i gh t  
inspec t ion  d is t r ic t  o f f ice)  a i rc raf t  tha t  record  VORTAC signa1.s 
and ILS signals, b u t  t h i s  i s  not- f o z  aystea reseazch, mgrely a 
means of determining whether some  minimum leve l  of performmce 
i s  obtained, much as  5x1 the quali lq control and mater ia l  tes t -  
i9g corcepts. Furthermore, a photo theodolite tracki-ng range 
i s  available a t  NAFXC that can optically record the close-in 
operations of t h e   a i r z r d t   t e s t i n g  a landing system at t h a t  
airport,  But,  becaxse of v i s i b i l i t y ,  t h i s  s e r v i c e  is limited 
t o  but a few miles. Tests using radar units, interferometers, 
etc.,  a r e  not standardized nor worked out fo? system smthes i s .  
The end r e su l t  is that  ser ious research m - x t  go in to  
methods for  c rea t ing  for the AT2 engineer-scientis t t e s t  a x l  
measllremenl; fac i l i t i es  equiva len t  t o  the aeronautical engineer's 
wind tmnel .  S imi la r ly ,  severa l  l a rge  tes t  fac i l i t i es  must be 
constructed that are nationally dispersed s o  ATC system designers 
can use them. Avionic, ATC, and landing system designers must 
have the  t o o l s  fo? t h e i r  t r a d e  i f  t h e y  m e  ex1)ected t o  create  
successful  resul ts .  
In this sense the ATC or avionics systen eslgiaeers 
have never made a serio-ds case f o r  this  instrumentat ion,  s ince 
t h e   m t i r e  ecoaojnics of ATC (R & D )  have bzen un rea l i s t i ca l ly  
suppressed in  the past. Furthermore , many irresponsible tech- 
nisal  solut ions a r b  often "sold" and l a t e r  found f au l t r ,  s ince  
the only t e s t  f a c i l i t y  is the  r ea l  world. Some years ago a 
committee designed a co l l i s ion  avoidance systein that w a s  foand 
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technical ly  t o  be unsatisfactory after a contract f o r  over 600 
units was awarded. In  the budgeting f o r  a new national landing 
f a c i l i t y  a r e a l l y  good t e s t - r ange  f ac i l i t y  must be added t o  the  
cost3 f o r  how are we t o  determine without high quality, three- 
djlnensional measurement whether an adequate system actually 
exists.  Even operational extensiozls of the current THF/ILS 
are  in  ser ious doubt ,  s ince n o  means but actual airl ine usage 
seems t o  ex i s t  t o  val idate  i t s  safety f o r  use  in  lower and loxer 
v i s ib i l i ty  condi t ions ,  
Some examples of what i s  intended here w i l l  he lp  c la r i fy  
t h i s  concept of measmemexrb  and t e s t  t o o l s  f o r  conducting valid 
research o;a avionics, ATC,  CAS, CAT I11 landing systems, etc. 
Only the  gene.?al charac te r i s t ics  and objectives of the  ATC 
research  md development fac i l i r t i es  w i l l  be discussed. I n  each 
case a s tudy in  depth i s  warranbed i n   t h e  w a y  of  a p r e l h i n a r y  
design s o  a s  t o  more clear ly  determine costs ,  s ize ,  locat ion,  
s ta f f ing ,  and other more technical  character is t ics  of the ATC 
t e s t  f a c i l i t i e s .  S i n c e  ATC problems will be with us for a t  l e a s t  
20 t o  30 years, the designs nust consider more than the obvious, 
hmediate problems. 
A. LANDING SYSTEM PROPAGATION TEST RANGE 
Brief ly ,  a h a d i n g  system propagation tes-t range would be 
i n  a f l a t  deser’i; area without any obstructions f o r  some m i l e s .  
A tower about 1,009 t o  1,590 f e e t  high wi-th elevators i s  u t i l i z e d  
t o  a;ltmat;ically measure emitted three-dimensional guidance sig- 
nals dssigned f o r  use by l a n d i x  a i r c r a f t .  The s ignals  coae fro= 
landing guldance units a t  varying distanses fron the tower. F l a t  
ra i l  t racks are  la id  in  several  direct ions from the tower out 
t o  a few miles s o  thaf ( f la t  bsd carriages) the guidarlce qystem 
can be moved, and it caz be oriented in  a l l  d i r e c t i o n s  and a l l  
the three-dwensional airspace can be exmined i n  d e t a i l .  A 
good example is the 7 configdrations of the RTCA  SC-117 l a d i n g  
system, where scveral  basic elenents need fully cont ro l led  tes t  
data before a va l id  signal standard worthy of natioaal comitme.at 
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can be rationally adopted. An a i r c r a f t  f l i e s  but om? l i n e  i n  
space per approach. It can cost hundreds of t h o u s a d s  of do l l a r s  
(by flyiDg only) t o  probe all the  volume of a scanning beam land- 
ing system with -60 degree la te ra l  p ropor t iona l  data, 0 t o  30 
degrees ve%tical proportional data,  azd precision DME t o  10 miles. 
Several. questionable areas, such as sanpl ing rates ,  gro-md-lobing, 
re f lec t ions  from hangars,  surface aircraft ,  etc. ,  are of  serious 
concern,  requiring coxpletely controlled tests o f  receivers and 
ref lect ing objects  t o  obtain data useful t:, a system designer. 
The c:lrrent serious disturbances t o  VHF-ILS signals  by landing, 
taxi ing,  l ines  of wai t ing  a i rc raf t ,  01 over-shooting aircraft 
catmot be to le ra ted  i n  a nsw landing system. The cpestion i s  how 
can it be shorn  conclusively that microwaves c a  overcome th i s  
serious operational limitation. Bow does one optilnize the use of 
many known tec.hiques, sach as beamwidths, scan intsgration, beam 
shaping, modulat.ion, etc. , testing each technique and conbining 
teekniques t o  reduce o r  e l iminate  the airport  enviro.nmenta1 effects?  
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Para l l e l  r a i l  tracks can con-rq large reflecting objects,  
such as  large l ines  of nul t iple  a i rcraf t  represe.nted by w i r e  mesh, 
as well  as full-scale hangar f r o n t s ,  t m e r s ,  etc., thus deter- 
nining by qualitative,  quantitative simulations of fully con- 
t r o l l e d  t e s t s  how m u c r  the guidance signal is disturbed when 
theae objects are .near or i n  t he  d i r ec t  pa th  between ,the landing 
a i r c r a f t  and the guidance emittsrs. Both t h e  t r ansmissLon  path 
and t h e  ob jec ts  can  vary  s ta t i s t ica l ly  o r  dynanically. 
Such a na.tiona1 (lauding systern) t e s t  . f a c i l i t y  would 
be a s e d  f o r  t e s t i w  a l l  t y p e s  of landing systems, under s6andard- 
ized, controlled,  but difficult  e. l?viromeiltal  conditions real-  
i s t i c  of modern airports ,  ra ther  than on a "s te r i l i zed"  runway 
o r  in  wide-qen areas  f ree  of r e f l ec t ion  as i s  s o  often done 
todw.  Jus t  as a wind tunnel c m o t  reprodme every aspect of  
ac tua l  f l i gh t ,  ne i the r  can this f a c i l i t y  reproduce a l l  enviroa- 
mental problems. 
However, j u s t  as wind t . m e l s  can provide enormous 
m o - a t s  of data  and valuable resulix conpared t o  a i rc raf t  des tgn  
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without wind tmsls, s o  c m  this  fac i l i ty  provide  nuch needed 
.bowledge. Airfrarne replicas of  707-747's made of plyiiood a d  
f o i l  o r  wire mesh o r  old,  large,  m i l i t a r y  a i r c r a f t  (now i n   d e s e r t  
stora5e) can be placed on r a i l   c a r s  aad moved as L f  they were 
taxi ing or i n  a l inezp .near the  runways; thus,  their  inf luence 
on landing guidance signals can realist ically and q u m t i t a t i v e l r  
be determined. A B-36 with a few added s?xets o f  a l u m i n u m  mighl; 
be equivalent; t o  a 747 o r  a DC-10 Jum-30 je-t and i t s  full ef fec t  
on bean distxubances can be studied at W, C-band and KlJ-bmd. 
Full-scale modeling would be more r e a l i s t i c  f o r  s izu la t ing  ac tua l  
landing  s igaa ls  a t  C- and Ku-bands than attempting t o  use micro- 
wave scaled ranges. 
ASDE (a i rport  surface detect ion equ5pment) t y p e  radars 
wodd be w e d   a t   t h e   f a c i l i t y  t o  gain more ins ight  in to  a i rpor t  
sxrface survefllance probleDs. Similar tzsts would be andertaken 
with airborne radars (seeing-through-the-f og concepts). Tests 
for the  qual i ty  of  radar inages of r u n w a . p  a t  d i f fe ren t  beamvidtLs, 
scan r a t e s ,  and i n  raw attenuation woilld be ccmd-acted a t  t h i s  
same fac i l i t r .  Exaa ina t io l  of sach independent landing moDitor  
units w o a l d  a i d   i n   c o o r d h a t i n g   t h e i r  use with the aew microwave 
ILS. 
B. "- m - X A V  TEST  FACILITY 
The VOR'TAC system also needs detailed research 0'1 limi- 
t a t ions  md gzowth potea t ia l s ,  such as  data  on how far angular 
accuracy can be dsveloped and moze -andersta2din,g o f  the  VOX 
"scalloping" pheaomena a d  the use of Doppler and multilobe prin- 
ciples.  Although VOripkC improvements have been made, the measured 
data i s  zneaser, and several  pertar3ations a r 8  s t i l l  xnex9lained. 
Yet, i n  Area-Nav the VOX-DME system must operate eqJally and uni- 
formly over 360 r ad ia l s  (one each degree) rather than operating 
only on a few selected radials  for  "Victor  A b w a y s "  t ha t  have 
beea optimized. This change i n  VOR u s e e  f rom a few rad ia l s  t o  
a l l  r a d i a l s ,  u s i n g  a~ll airborne computer f o r  track determination 
and szparation from o ther  a i rc raf t  wi th  s i n i l s  computers, forces 
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the acceptance of new standards of accuracy, probability of 
coxrse-shif ts ,  mult ipath ref lect ions,  scal loping,  ver t ical  
coverage, etc., never conteaplated by the or iginal  VOR design. 
Even the pr inclples  of r s f Iec t ions  and rnul t ipath t rmsniss ion 
are a o t  f u l l y  understood after 30 years o f  usage. Similarly, 
the DME, a l though be t te r  in  some respects, has many propagatioa 
problems  (szch as v e r t i c d  lo3-hg, f o r  e:xanple). T h i s  f a c i l i t y  
would use precision methods of position determinations, con-krolled 
means of space measurement (high towers a t  maw azimuths) and the  
ability t o  i n j ec tmul t ipa th  r e f l ec t ions  f o r  t es t iag .  It i s  
essent ia l  t o  create  a new concept f o r  a f a c i l i t y  f o r  s c i e a t i f i -  
ca l ly  ineas?Jring t h e  "signals-jn-space" of Area-Nav devices such 
as VOWAT:, Loran C,  and Oaega. 
c. - smpom R E S Z ~ C X  FACILITY "- 
The main objeztive of an  a i rpor t  research  fac i l i ty  i s  
t o  determine what surface elements are best suited t o  increase 
the ca2acitg of major j e tpo r t s  under all conditions including 
low-visibility operations. Computer s b u l a t i o n  i s  a major f i rs t  
skep, but can go only s o  far  and, a t  some stage,  the actual test-  
ing w i t h  a ful l -scale  "f lexible  a i rport"  i s  essent ia l .  Flat  deser t  
areas exist --like those near Edwards AFB (NASA Flight Research 
Cente?)"whe.?e runw-us ca-9 be marked on the dese2t f l o o r  us ing  
Q-e o r  o i l  markiags s o  t ha t  a ful l -scale  je tport  can be l a i d  o a t .  
Elec.tronic testing (such as magnetic loops, infrared, Doppler, 
radar, photocells, et-c.) of  devices for the detsction of a i r c r a f t  
azd vehicle movement throxgla hundreds of  intersect ioxs i s  a 
little-developed science that is now becoming a pr ior i ty  i tem 
a t  some major j etpor+;s. 
The ab i l i%y t o  scient i f ical ly  deteraine how t o  opelate 
pa ra l l e l  runways i D  the closest possible prox5mity zaust be deter- 
nined, as vast  mo-unts of cos t ly  r ea l  e s t a t e  ex i s t  on current air- 
por t s  that could be used - t o  increase capaci ty ,  i f  01113 the tech- 
nical  data  exis ted on close and IFR runway spacing, turn-offs, 
etc. Much of t h i s  can be simulated ia coaputers, but smne real-  
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time and real-magnitude experience is  needed. The only method 
used today i s  t o  bui ld  many o f  t h e s e   f a c i l i t i e s  as actual operat- 
ing  a i rpor t s  and o n l y  then t o  realize design deficiencies.  
Changes i n  environments ( a i r c ra f t  s i ze ,  mix, peak hours) make 
modification t o  existing airport  designs necessary,  but no means 
now ex i s t  t o  phys ica l ly  tes t  the  changes before committing enor- 
' mous sums of money and inconveniencing thousands of f l i g h t s .  
T h i s  is another  a rea  in  ATC that has received l imited scientific 
a t ten t ion ,  resu l t ing  in  a random costly process of design by cut 
and t r y  methods. For example , only two of JFK' s original  six 
runways are  in  use today,  and major changes t o  JI?K's configuration 
being proposed cannot be ful ly  assessed;  thus,  the probabi l i ty  
of successfully meeting certain objectives is no t  known before 
construction begins costing hundreds of m i l l i o n s  of dol lars .  
Such problems would be investigated using full-scale 
simulation on the deser t  f l o o r  without the cost of laying runways. 
Similarly,  electronic surface detectors,  surveil lance radars,  
cable guidance, intersection signals and e lec t ronic  coa t ro l le rs  
would a l s o  be invest igated in  ful l -scale  environments. T h i s  major 
t e s t   f a c i l i t y  w i l l  go a long way to assure the successful future 
of many large-scale  c ivi l  je tports  cost ing 500 t o  890 million 
dol la rs  each. The reason f o r  eaphasizing this t e s t  f a c i l i t y  i s  
that  the surface of the nat ion 's  a i rports  i s  probably more nearly 
saturated and overloaded than any othm individual element o f  the 
t o t a l  ATC system.  Since  each a i r c r a f t  must t raverse  the airport  
surface emrironment twice on each f l i g h t ,  this can be the  most  
constraining feature t o  any f u t u r e  t r a f f i c  growth i f  validated 
means f o r  major surface capacity increases are not quickly found. 
The use of up t o  fou r  pa ra l l e l  runways t o  add opera- 
t ional  capaci ty  i s  theore t ica l ly  in te res t ing ,  bu t  it has many 
probleas because of  the interact ion between runways, the need t o  
cross active runways, etc.  To develop new airport  theory and 
tes t ing  it by actual ly  bui lding ai lTorts  a t  a cost  of hundreds 
of  m i l l i o n s  of d o l l a r s  each is simply poor scientific planning. 
Computer simulation can be very important but, t o  use only com- 
puter simulatio3 leaves t o o  many doubts and can be misleading. 
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Various airport design techniques using simulation, computer 
graphics, etc., must be complenented by some real ,  ful l -scale ,  
high-capacity airport test- work. The possible use of m a l l  
motorized vehicles that  can pull  outmoded, la rge  a l rc raf t  (now 
i;l s t o r w e )  at the right speeds and quant i t ies  t o  create  actual  
surface mo'velnents i s  a means t o  accolnplish this. Obviously, a 
detai l  design of such a major  t e s t   f a c i l i t y  musk take place first. 
The e1ect;roni.c detection, central  surface control,  electronic 
surveillance means, cable guidance, data simalling, etc. ,  would 
work agains t  rea l  t a rge ts  and produce r e a l   r e s u l t s   i n  -the appli- 
cation of t he  t e s t  a i rpo r t .  With f l e x i b i l i t g  i n  geo-metrics a d  s i ze  
of design 02 the  deser t  f i o o r , a n d  coxplete control of  surface 
t r a f f i c ,  f a c t o r s  t h a t  cannot be determined a t  arl actual  " l ive"  
working a i rpor t  c a  now be investigated. Many nat ional ly  s ignif i -  
c m t  problelns can thus be solved a t  lower c a s t s .  T h i s  i s  a fanda- 
mental input to future ATC, because we are  nww coatemplating .the 
p o s s i b i l i t g  t h a t  at Q saper jetpo-t of the  fulxre  $99 t o  500 
aovenents m a y  occur per  hour, feediag some 300 gatss. 
One very obvious design criterion that nust  be answered 
i s  the cross-wind charac te r i s t ics  of the new airl iners expected 
to be acquired i n  the next 12 years. If they ca:~ tolera-be crass 
winds of  a given mount, the3 cross-wind r-mwqrs are  vmnecesaary. 
I f  not,  cross--wind runway capabi l i ty  i s  :aecessary with i t s  enor- 
aous impact on cost and capacity. This fundaxextal. issue i n  a i r -  
port design has never bee2 really faced -97 the aeronautical engin- 
e e r  i n  answering inqui r ies  of the airport  noise abatement and 
radio guidance  engineer.  Guidelines on cross-wind operation 
mmt soon be established . for  at least  the next decade as r e a l  
estate, taxiways, number of landing systems, noise abatement , 
etc., hinge OD tais factor .  I f  cross-wind  conditions of 35 t o  
40 knots can be safely tolerated,  it has been estimated that 
cross-wind runway needs would be dropped t o  only 1 t o  2 percent. 
However, this is  a major " i f  whose erronso'us solution xould 
rapidly worsen the  na t ion ' s  a i rpor t  and safety problems. 
It i s  l i k e l y  t h a t  such a 1mge cross-wind coiqonent 
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w i l l  n o t  be to le rab le  and that cross-wind r u n w a y s  m u s t  therefore  
be used. This requires  a design tha-b allows rapid shifts i n  
operations between runwa;Js, something that now causes serious 
delays, Wizlgtip vortices are obviously involved throughout; 
t h i s  i s  an a i rpo r t  problem t h a t  cmld  be fu l ly  r e sea rched  in  
f u l l  s s a l e  a t  t he  proposed f a c i l i t y .  Such vor t ices  might elimi- 
nate close spscing o r  tbe use?  of STOL a i r c r a f t  and hel icopters  
a t  je tpor t s  un less  the  l lmix ' l  can  be safely achieved. Contamina- 
t i o n  of air  by unseen high-velocitg- turbulence i s  as auch m air- 
port  resgarch projec6 as is magnetic czhle design, b u t  it musk 
be exmined LLI a broad context. A national Airport Ressarch 
Fac i l i t y  could stsrt t o  provide this  needed data. 
D.  LARG.Z-SCALE-FOG CEzAMBER_ TESTS OF "- LOY-VISIBILITY LANDING 
TAe nat ion s t i l l  owns a few very large dirigible hangars 
from the days of lighter-than-air vehicles. Thzse large hangars 
a r e  now not used a t  a l l  or used only a t  very low u t i l i za t ion  r a t e s .  
The University of California,  under Professor Horonjeff, built 
and tesbed a liinited "fog chamber1' same years back that; added 
mxh t o  o x  knowledge of runway l i g h % i n g  f o r  i a s t . m e n t  1m.ding. 
Sin.ce t ~ i s  chamber WYS a " f i r s t "  and was b u i l t  w i t 5  a r e l a t i v e l y  
low budget, it has ceTtaii1 obvious I i n i t z t i o n s t  for exaaple, it 
i s  n o t  possible t o  ma_neuvez lox i tud ina l ly ,  l a t e ra l ly ,  ve r -b i ca l ly ,  
b u t  merely t o  move on a single sloping track in a narrow ch.mber 
t h a t  i s  abou t  SO0 f e e t  long. 
By u t i l i z ing  the  l a rge  volune of space inside exis t i lg  
d i r ig ib l e  h a g a r s  a d  c r e a t k g   f i n e l y   c o n t r o l l e d   v i s i b i l i t y   w i t h  
water vapor (as Horonjeff has done), it i s  possible tha-t the 
e f fec t  of near ly  f ree  maneuvering f l i g h t  can be realized. This 
type of arrangerneat w i l l  be fa r  more r e a l i s t i c  tna2 a TV screen 
o r  a runway nodel, became wide-angle, f u l l y  a r t icu la ted ,  visual 
cues (brightnsss,  costrast ,  vlisual alignment, etc.) can be created. 
Th? height of song of these hangars seem adequate o r  could be 
increased at, one e3d s o  t h a t  a scale factor a2proaching 2: 1, o r  
a t  w o r s t  3 :  1, could be realized. The resul ts  obtained woald be 
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fa r  superior t o  those  real ized  with  the  oziginal   mal l '   fog chaabe?. 
The iaaneuvering t r a j ec to r i e s  of the cab woilld be aztivated by 
aa eqJivalence of ILS beans and p i lo t  d i sp lws  a s  they  now e-xis-t. 
Inchdsd  in  the  des ign  of the f o g  chaztber is the  ab i l i t y  t o  
c rea te  d i f fe ren t  runways with the hundreds of l i g h t s  khat- are  now 
required  (approach,  strobes, cross-?mr, threshold,  cen-terline, 
VASI, narrow gauge, high speed, t u r n o f f s ,  perimeter, colors, etc.). 
Ful l  three-dimension, lateral movement 3f the  cab (within 23" of 
full-scale ILS) and f u l l  f r e e d m  of cab atti?mde can be created 
by placing the ca's on a largs mo-korized dolly with h;Jdraulic 
l i f t s .  The h e s  Laboratory  two-dimensional,  cockpit  translation 
track i s  ty-pical. A modified, large-scale "cherry picker" used 
by most e l ec t r i ca l  power companies might zao-fe the cockpit cab i n  
three dimensions allowing three axes of ro ta t ion  by us-hg gimbal 
mounts . 
The creating of pitch errors  in the see-to-land par.t 
of the landing maaeuver is considered by many as a h igh   r i sk  it en, 
and f'heads-=lp" displays (HIJD) or independeat landing moxi tors  
(IU!I) have been pronoted by mazy manrfacturers at great cost .  
Yet, we do no-t h o w  how these w i l l  work i n  the "real"  low- 
visibili-t;y world xi th  sack  var iab les  as  ILS aiming points (dif-  
fer ing at  each airport), dramatic visual i l lusions -that Porce 
the pilo-: t o  disbelieve some pa r t  of his sensa r'y inputs,  and t h e  
fac t  tha t  s lan t  range  v is ib i l i ty  i s  never the sane as nm./lrw v i s i -  
3iliiq range, thi: only information now pro-Jided tlze p i lo t .  A11 
these  d isp lws  lnust se.me the new microwave ILS system and l i g h t s  
must cornplemext and sapple.nent, not usurp P confuse the basic 
ILS functions. Fog chamber simulation w i l l  optimize t h i s  r e l a -  
3ions.E-p. Slant range measurement t e s t s  may be possible w-ith 
t h i s  advanced f o g  chamber. 
This  s tep  bqond the  c rea t ive  in t t ia l  e f for t s  of Profes- 
sor Horonjeff could a t   t h i s  .time in  the  h is tory  of aviat ioa 
(wherein nearly blind landinas =e actual ly  bebg at tempted with 
increased but un'mowx r i s k   l e v e l s )   o f f e l  much t o  val idate  many 
psychological, non-nachine, and r a d i o  guidance interfaces neve2 
attempted before. In this -type of setup,  the free  maleirvering 
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movement of t h e   p i l o t   i n   h i s  cab co-dd be rea l ized  Over perhaps 
a s h u l a t e d   t r a j e c t o r y  w i t h  visaal cues of  between 2,000 axd 
4,000 f e e t  i n  dimension. Visual data (as r e s t r i c t e d  i n  fog)  could 
not be introduced f o r  different heights over wide azimuthal 
changes s o  Ghat pi tch,  roll, yaw, speed ,  ver t ica l ,  l a te ra l ,  and 
ra2ge e r rors  on ILS ca be simula-bed and al l  e lexents  evaluated 
i n  3 full-scale simulation. 
The  new fog chamber could also provide STOL,/VSlroL md 
hel icopter  low-vis ibi l i ty  tes ts  a t  reasonable  costs .  Since s teep 
angles (5 t o  15 degrees) are involvred, l e s s  m e a  i s  needed and 
tbe same f o g  chamber w i l l  s u f f i ce .  L i t t l e  i s  knowa a5o.lt v isual  
cues i n  s-teep approaches with slow 5';Lt highly sanezvera3le air- 
c r a f t ,  The YSTOL lmding prablea diffeTs marksdly f r o n  t h e  j e t  
f i gh te r  o r  tzmsport  landing pro5lem. One carnot apply jet land- 
ing pa rme te r s  and concepts .to VSTOL. The fog chmbers would be 
suited -XI solving both pw3lems. Suckl f a c i l i t i e s  vc~l3 add much 
t3 the natton's lalowledge about this c r i t i c a l  problem f o r  a 
rmge of' a i r c r a f t .  Lakehursi;, Ames (Mo.fr'e% Fie ld) ,  snd  possibly 
on? 3.z two other locxkions haTe s ~ c h   d i r i g i b l e  hagars ,  a d  two 
or thre:: of  them could be coxverted ?o r  t h i s  major m t i o n a l  tes-b 
f z s i l i t y .  A six@ of t h e s e  f a c i l i t i e s  sho-uld be  "mdertakerl t o  
optilnize them for use as f o g  chmbers for C'POL and VSTOL. 
Cr i t ica l  a reas  tha t  could 3e inveatiga-Sed with t h i s  
modern, laTge , f lex ib le  f o g  chmber =e: 
1. P i l o t  v i sua l  c1Jes of v x i m s  lighting corlfipratiojzs under 
varying 2VR and S'irR conditions. [ PTesently , i'l ths aar row 
small chmber , t.racks l i m i t  s ide s tep ,  duck unde?, and varl-  
3ble glids patb intercept polnt (GPiP); a l l  these  fac to-s  
are  known t o  create  visual  problems thRt exis-t j_ll va?ious 
forms i n  modern j e t  low-vi s ib i l i - ty  lmding . 1 
2. "eating o f  Heads-TJp Displws (BUD) i n  a f a r  more conti?Dlled 
low-vtsibil i ty ezmiro.me.at tha? is p3ssible  in  a j e t  t ranspo2t  
thai; costs several  thousaid dollars per  hour; thus, the kno~m 
visual aligxnent problems of HU3, ILS ioca l izar ,  I L S  glide 
pa-bh, GPIP and o - 3 ~ ~  " ins  t~~me~- t - fo-v isus l"  re ferenc ing  m e s  
can be fully t es ted  ( see  CR-1188 f o r  soae fur ther  de ta i l s ) .  
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3 .  Testing o f  the rollout glidance provided hg ce.nte.Fline l i g h t s  
and turn-of f  l igh ts  in  high c o c Q i t s  (up t o  50 f e e t )  when 
maneuvering o f f  a runwq (by  proper ly  sca lag  t h e  p i l o t  s 
eyes f o r  simulation of the right elevation above the simu- 
l a t ed  mnway).  High-speed low-vis ibi l i ty  rol lout  in  cross  
winds with bsambends cm crea te  be l ievable  i l lus ions .  One 
i l lus ion  c rea ted  by a carved l ine of high-speed turnoff l i g h t s  
was t h a t   t h e   a i r c r a f t  w a s  veerlng or yawing ia a cross wind 
and resul . ted in  a serious accident. 
4. Ekperiment w i th  the  " s~e - - t~ - -1~d1 '  concept i n  more  dep-bh w i t h  
crew drills (who i s  heads-dom? wbo i s  heads-up? etc . )  and 
the guidance trailsition f r o =  r ad io  ( f l igh t  d i rec tors  o r  auto- 
fl-ight) t o  the xisual "see-to-land" in 1,200, 700, md 150 
f e e t  of v i s i b i l i t y .  
5. Visual landi-% aborts (missed qproachea) in such low v i s i -  
bilitgr conditions &-e r i s e  and can be treated in t"le fog 
chamber, since it i s  l ike ly  tha t  the  lengtb  of the l a rge  chax- 
be- could amommodate -this mane-mer by possibly having a paral- 
l e l  system folding back, The pilot is blacked out visually 
f o r  a c o ~ p l e  of seconds as he i s  placed into an a'bort! from 
high speed rollout, 
6. A simulated,  direct ,  posit ive control of f l a r e  guidance by 
radio could be accomplished while the visual lighting cues 
a re  in  the  700 t o  1,200 foot  v i s ib i l i ty  range .  T h i s  has 
never been done previously, and it i s  possible  that  a serious 
f a l se  p i t ch  i l l u s ion  exLs t s ;  i n  f ac t ,  t h i s  has  been suspected 
i n  some accidents. Consequently, i n  such a low RVR, t he  f l a r e  
w i l l  have t o  be actuated before adequate visual cues of  the 
approach or terminal aiming points are i n  sight--something 
few p i l Q t s  have ever experienced. Much must be learned as 
t o  how t h i s  can  be done. M a n y  "velocity-vectors" are appa- 
rently used subconsciously by the   p i lo t .  
7. The t e s t ing  of runway v i sua l  t r a f f i c  s igna l s ,  such  a s  stop-go 
s ignals  a t  intersect ions,  visual  veloci ty  signals, turnoffs ,  
surface-muting messages, visual data board messages f r o m  
tower t o  p i l o t ,  e t c .  ( a l l  i n  t h e  low v i s ib i l i t i e s  c r ea t ed  
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in  the fog chamber) again require wide maneuvering limits 
and wide-angle cockpit vision no t  now possible i n  the exist-  
ing narrow fog chamber. 
E. TEST FACILITIES FOR A C T U A L W T J R E M E N T  OF LOW-VISIBILLE. 
LANDINGS 
Althoxgh it m a y  seem t h a t  undue emphasis i s  being 
placed on low-visibil i ty landing, it must be remembered tha t  n o t  
only i s  the  r i sk  in  th i s  opera t ion  perhaps  a hundred times as 
high (for,  say,  CAT 111) a s  f o r  normal en route flying, but that 
p a s t  s t a t i s t i c s  p o i n t  up this area  as  the  one where the  grea tes t  
f a t a l i t i e s  and losses  occur. Economics and noise  abatement  are 
a l s o  c lose ly  re la ted  t o  landing operations. Consequently, the 
r i s k  l e v e l  f o r  advanced corLcepts of lower and lower v i s i b i l i t y  
operations must be completely quantified and validated,  since 
l i t t l e  i s  known about such factors as approach-aim point, thresh- 
old-height,  flare-point,  bleed-off  speed,  etc. It is l ike ly  tha t  
the current ILS pa th  c r i te r ia  a re  poor ly  su i ted  t o  t h e  f l i g h t  
charac te r i s t ics  of modem j e t   a i r c r a f t  and pa r t i cu la r ly  the  new, 
large-bodi ed a i r c ra f t .  
Although the fog chamber f a c i l i t y ,  which i s  also noted 
as  a needed addition, w i l l  prove valuable, there must be feedback 
t o  actual  operat ional  resul ts  as  the vis ibi l i ty  authorizat ions 
are lowered in  accordace with current  and future regulations.  
In f a c t ,  a n a t i o n a l  f a c i l i t y  f o r  f l i gh t  t e s t ing  in  ac tua l  fog  
conditions with actual lmge jets should be established. For 
example, the a i r p o r t  a t  Arcata, California, has been used f o r  
many years   b r   the  Bureau of Standards for research work w i t h  
transmissometers, since low v i s i b i l i t y  and fog is s o  prevalent 
there throughout the year. Since a great deal of h i s to r i c  and 
weather pa t t e rn  da t a  ex i s t s  a t  this airport  (see Figure 17 and 
Table 11), and it has been previously identified and used as a n  
excellent location f o r  ac tua l  tes t ing  of "fog-landings," no  be t t e r  
(U.S.) a i rpo r t  i s  l i k e l y  t o  be  found. I t s  t r a f f i c  i s  low s o  
t ha t  an R & D f l i g h t  program would n o t  conflict with public use 
of the a i r p o r t .  Modern a i r l i n e  and MATS aircraft  should be used 
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TABLE I1 
S m Y  OF PIE?TEOROLOGICA.L OBSERVATIONS 
BOVZDE3 1962-OCTOBER  1963 
ARCATA-EUREKA AIRPORT 
Ceiling 
Number of occurrences 
of ceil ings less than 
Month 1001 200'  3 01 500' 8001 
17 
5 
84 
12 
12 
4 
8 
3 - - - - 
10 
2 
12 
4 
12 
4 
26 
11 
68 
14 
16 
3 
36 
8 
111 
12 
14 
5 
14 
5 - - 
2 
1 
18 
4 
22 
9 
16 
5 
59 
17 
108 
16 
22 
LL 
68 
11 
140 
14 
19 
7 
20 
9 
1 
1 
5 
1 
31 
6 
46 
11 
26 
5 
124 
23 
151 
18 
41 
105 
13 
159 
14 
26 
8 
41 
12 
13 
3 
10 
1 
75 
10 
100 
14 
71 
13 
220 
23 
214 
23 
60 
124 
17 
170 
17 
51 
12 
68 
17 
41 
6 
28 
7 
134 
15 
154 
21 
131 
21 
355 
27 
285 
25 
93 
days 1 8 12 i2 
Total Hours 265 422 732 1104 1634 
T o t a l  D a y s  62 86 115 146 197 
Vis ib i l i t y  Minima 
Number of occurrences of Number of occurrences 
v i s i b i l i t i e s  less  than with conditions below 
200' o r  500' or 800' or 
I mile % mile 1 mile 2 miles 3 mile2 
29 
7 
98 
13 
16 
5 
14 
7 - - - - 
11 
2 
14 
6 
12 
4 
28 
13 
68 
13 
12 
44 
8 
121 
1 3  
20 
6 
18 
1 
1 
2 
1 
18 
4 
26 
11 
16 
5 
60 
17 
95 
15 
22 
7 
95 
12 
183 
15 
30 
7 
28 
11 
2 
3 
4 
1 
40 
7 
52 
12 
33 
8 
129 
22 
148 
18 
36 
114  138
13 15 
190 217 
16 19 
46  66 
11 2 
14 15 
57 68 
9 29 
4 6 
12 17 
3 4 
58 78 
8 12 
76 99 
13 13 
55 84 
12 17 
200 248 
23 24 
20i 235 
22 23 
60 76 
6 8 9 I 2  
302 443 780 1078 1355 
72 94 124 148 172 
43 
8 
24 
13 
20 
6 
18 
7 
1 
1 
2 
1 
19 
4 
27 
11 
16 
5 
62 
18 
110 
16 
23 
130 1% 
14 18 
206 226 
16 20 
46 75 
11 13 
66 89 
14 20 
16 44 
6 7 
14 32 
3 8 
80 141 
11 16 
106 160 
15 21 
80 144 
13 23 
242  370
23 27 
227 296 
23 25 
74 102 
6 13 14 
465 1287 1839 
96 160 212 
f o r  this purpose, since nany of the problems are related t o  t h i s  
m e  of l a r g e  j e t  equipment, t he i r  f l i gh t  pa rame te r s ,  t he  p i lo t ,  
his instruments, and the regulatory matters pertaining t o  runway 
v i s i b i l i t y ,  s l a n t  v i s i b i l i t y ,  and visual landing cues. In essence, 
we would expose t e s t   a i r c r a f t  and t e s t   p i l o t s  t o  the  lower regions 
of  low v is ib i l i ty ,  ra ther  than  the  publ ic  as now planned. A l l  
t e s t ing  would be under filly controlled conditions and would 
include neasurements of v i s i b i l i t y  a t  many points, radio guidance 
data, recording o f  ac tua l  a i rc raf t  pos i t ion  and at t i tudes,  e tc . ,  
s o  tha t  fu l ly  quant i f ied  da ta  ex is t .  
Some 20 parameters define a successful landing. These 
parameters have been ident i f ied  and developed t o  the s tage that  
they can be quantified and then related t o  the probably success 
or f a i l u r e  of a low-visibility landing. With past  data  indicat ing 
that the success of 1,200-foot RVR landings is about 5O%, ra ther  
than an acceptable 95% t o  98%, much t e s t ing  and data  col lect ion 
leading t o  ful l  understanding of t h i s  complex environment is w a r -  
ranted. M a n y  possible solutions have been proposed, such as new 
displays,  fully automatic landing, new guidance, etc., but no 
means exist  for determining whether such solutions are suited t o  
t he   r ea l  problem. 
By t e s t ing  with cameras i n   t h e   a i r c r a f t  and on the  
ground i n  a scient i f ical ly  organized manner, the  most precise 
data can be col lected relat ive t o  many other parameters, such 
as  RVR, ILS, wind shear, SVR--al;l c r i t i ca l  l anding  regular -  
i t y  and safety parameters. Wheel heights  a t  threshold can be 
determined t o  6 inches and center l ine offsets  t o  a f o o t  or l ess .  
Velocity data can be derived using precision timing references 
i n  t h e  photo system. "p ica l ly  th ree  or more synchronized cameras 
are  located in  the approach,  f lare ,  and touchdown region of the 
r u n w a y .  Similarly,  two o r  three cameras aboard the  a i r c ra f t  a r e  
used t o  record path, actual cockpit ( t o  ground references) visi- 
b i l i t y ,  and the absolute height of t h e  a i r c r a f t  r e l a t i v e  t o  the 
exact touchdown elevation. 
Standard cameras using moving f i lm require  a great deal 
of processing, but it i s  possible t o  use television type video 
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recordings that can be used with automatic image analysis equip- 
ment t o  grea t ly  automate the data processing. Obviously, an 
engineering study of this recarding technique is required, but 
i f  used i n   v i s i b i l i t i e s  of a t   l e a s t  1,000 feet  with properly 
spaced, multiple cameras, full optical  tracking of a landing 
below 200 f e e t  i s  feasible .  Radio o r  radar tracking simply is  
not adequate, and much FA& experience i n  this area has shown 
optics and fi lm superior t o  electronics.  Even so,  m a n y  problems 
of film recording remain. 
However, t h i s  i s  not t o  prejudice the method of  data 
collection, but t o  indicate  that  a means of great accuracy is 
required and  must be useful  in low v is ib i l i ty .  Ef fec t ive ly ,  
the multiple cameras can acquire detailed optical  records of 
the landing path which, a f t e r  subsequent computer analysis i n  
the laboratory, give the exact inforination on  f l i g h t  t r a j e c t o r i e s  
(Table  111). The p i l o t  i s  expected t o  conceive these operational 
conditions in the real-time environment of a few seconds and very 
l imi t ed   v i s ib i l i t y .  
Thus, the  combinatioxt of modern optical  tracking con- 
cepts  with je t  a i rcraf t  operat ing at  an a i rpor t  where fog condi- 
t ions  can nearly be guaranteed allows a s c i e n t i f i c  means fo r  
analyzing the low-visibility landing operations before actual 
public exposure occurs. Airline pilots have s ta ted consis tent ly  
in  seve ra l  a i r  s a f e t y  forums that they have serious doubts con- 
cerning the present vHF/ILS authorization. A l a r g e  s t a t i s t i c a l  
base must be developed f o r  CAT I1 and I11 since the commitment 
t o  an actual landing i s  of ten effect ively made a t  or pr io r  t o  
visual  contact  in  such conditions, The  go-no-go decision often 
cannot be a l te red  by the p i l o t  because of l imi t a t ions  in  f l i gh t  
dynamics and his legal (visual-radio) information inputs. 
In  f ac t ,  t he re  i s  reason t o  bel ieve that  some f a t a l  
i l lusions exis t  in  the low-vis ibi l i ty  landing condi t ions,  creat-  
ing visual  pi tch and height input cues t o  the human p i l o t   t h a t  
a r e  s o  erroneous as t o  lead t o  a crash. Although this has not 
been sc i en t i f i ca l ly  documented, since many  of the pi lots  involved 
in these suspected conditions have per i shed ,  the  p i lo t s  tha t  
have survived indicate sucn i l lus ions  m a y  be -Jery s ignif icant .  
TABLE I11 
TYPICAL  DATA  DERIVED FROM PBOTO ,mODOLITE 
W I N G  TRAJECTORY ANALYSIS USING PORTAJ3IX 
EQTJI€"ENT AT A MAJOR JEI'PORT 
Aircraft  Type 
Runway Heading 
Wind  Velocity 
Altimeter 
Landing No. 
Ceiling 
Wind  Direction 
9% of  Wind Data 
1. 
2. 
3.  
4. 
5- 
6.  
7. 
8. 
9. 
10 . 
11. 
12 . 
13 
Average  approach  angle  (deg) =
Dist;ance  to  threshold from a height of 50 feet (ft) = 
Flare-point  distance to threshold  (ft) = 
Flare-point  height (ft) = 
Threshold  height (ft) = 
Threshold  ground speed  (knots) = CCAS = 
Main g e s  touchdown  distance fron tbeshold (ft) = 
Touchdown  gro-dnd  speed  (knots) = CCAS = 
Speed  bleed-off  (knots) = ccas = 
Nose-wheel  touchdown  speed  (knots) = CCAS = 
Threshold  flight  path  gradient  (deg) = 
Average  gradient  at 2 seconds  prior  to  touchdown  (deg) = 
Displacenent  from  centerline  at  threshold (f-G) = 
14. Displacernent  from  centerline  at main  gear  touchdown (ft) = 
15. Displacement fros centerline  from  a  height of 50 feet (ft) = 
16. Displacement  from  centerline frm a  height  of 100 feet (ft) = 
17. Displacement  from  ceaterline  from  a  height  of 150 feet (ft) = 
18. M a x i m u m  gradient in approach  (deg) = 
l9.(A) Nose-wheel touchdo-m time  after maia gear  touchdown  (sec) = 
(B) Distance  from  nose-wheel  touchdown  to aain gear  touchdown (ft) = 
20. Sink  rate  at  main  gear  touchdo-m (ft/sec) = 
21. Ground  speed  at a height  of 50 feet (knots) = 
22. Body angle  (deg) 
A. At  threshold = 
B. At a height of 50 feet = 
C. At main gear  touchdown = 
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With NASA's AMES Research Center located near Arcata, 
t he  bas i c ' a i r c ra f t  crews and support could come f ron  th i s  losa t ion .  
Furthermore, close liaison would be maintained with the fog chamber 
and electronic simulation under w q  i n  nearby areas. 
F. GENEEUL AVIATION TCEST FACILITY 
A general aviation t e s t  f a c i l i t y  m i g h t  be loca ted  a t  
one o r  more f l i gh t  cen te r s  such as a university (Princeton and 
Ohio University are examples), and/or a t  a f l ight  research center  
of NASA, such  as  Langley, Ames, 02 Edwards. The purpose of t h i s  
f a c i l i t y  would be t o  provide a nat ional  tes t ing basis  f o r  general 
aviat ion aircraf t  and t h e i r  ATC equipments.  This  can be i l l u s -  
t ra ted with an example. Although much promise is offered by a 
VLF navigation system such as Omega for providing a simple, 
very-low-cost Area-Nav system for general  aviation, a great deal 
of t e s t  work and analysis i s  needed before such a plan could be 
implemented. Most of this  general  aviat ion work i s  directed 
toward single-engined a i r c r a f t  s o  that, for testing pmposes,  
smal l  a i r f ie lds ,  smal l  hangars ,  fac i l i t i es ,  e tc . ,  a r e  quite ade- 
quat e. 
A continued example i s  flighi; research of the coverage 
of V I & '  s igna ls ,  e f fec ts  of  noise ,  pi lot  display of the oblique- 
pa ra l l e l  l i nes  of posit ion,  and a possible means f o r  a " ro l l -ca l l "  
reporting o.f posi t ion t o  a centralized ATC systex. Since the 
e r r o r s  o f  these VLF o r  Ll? coordinates would be constant throughout 
the local coverage (rather than varying by as much as t e n  t imes 
along a track as in VORTAC), entirely new concepts for training 
student p i l o t s  t o  use such a simple system woi-dd be in order.  
The simplicity of the  signals, contiguous coverage a t  
a l l  a l t i t udes ,  d i sp l ays ,  and ATC application of oblique-parallel 
coordinates when combined would be much more suited t o  teaching 
student p i l o t s  the rudiments of instrument fl ight ( than TOR-DME 
and  Area-Nav--the VED"UHE' equivalency). Upon completing instruc- 
t ion,  the newly l icensed pr ivate  pi lot  would have the minimum 
capabili ty of locat ing himself  in  f l ight .  Some low-cost  simple 
means w i l l  a lso become essent ia l  in a short time for geographically 
avoiding certain airspace o r  t o  locate remote destinations. The 
a b i l i t y  of general  aviation t o  l ega l ly  and responsibly avoid 
90 
certain controlled airspace assignments or t o  r e a d i l y  u t i l i z e  
other airspace provided f o r  improved general aviation ATC ser- 
vices  m u s t  become readi ly   avai lable  i n  our national ATC plan. 
VORT'AC Area-Nav systems costing from several thousand d o l l a r s  
t o  20 or 30 thousand dollars w i l l  probably no t  suff ice  a t  the  
cost levels herein envisioned. Avoidance of o ther  a i rc raf t  
and airspace by v isua l  means i s  becoming limited if n o t  m e a l -  
i s t i c  i n  many p a r t s  of the country. 
Testing of the general aviation a i r c r a f t  w i t h  varying 
leve ls  of ATC equipments on baard, such as VOR, KW-Nav, trans- 
ponders, altitude reporting, communications,  simple narrow-band 
data links, etc., would provide a source of knowledge r e l a t ing  
t o  t he  ab i l i t y  t o  eng inee r  f ac i l i t i e s  f o r  these large numbers of 
a i r c r a f t  and p i lo t s .  The goals o f  lowest-cost airborne units 
sui ted t o  p i l o t s  of minimum s k i l l s  would be researched. Good 
system planning for ATC compliance would be sought by t e s t s   a t  
t h e s e  f a c i l i t i e s .  Simple proximity warning devices t o  provide 
a l e r t  or warning s ignals  t o  other  general  aviat ion aircraf t  and 
perhaps more importantly t o  signal t o  a i r l i ne r s  a l so  need accel- 
erated investigation. 
While mil i tary aviat ion has several m a j o r  cen ters  for  
development. of  all i ts  needs, such as Wright Field,  and the air- 
l i nes  depend heavily on the large resources of t h e i r  own engin- 
eering staffs and such companies as  Lockheed, Boeing, and Douglas, 
the economics of general  aviat ion usual ly  a l low l i t t le  for  equiva- 
l en t  development of i t s  needs. The  much lo-xer cost of the general 
aviat ion aircraf t  (s ingle-engine aircraf t )  and the dispersed 
market are  factors  not  conducive t o  pooling any form of nation- 
a l l y  suppox-ted resources   for  development . 
Some m a y  f e e l   t h a t  any e f fo r t  t o  pool resources f o r  
the improvement of general  aviation i s  catering t o  a small minority. 
However, another view i s  tha t ,  by sheer numbers alone, general 
aviation i s  quite representative of  the public.  More important 
than these arguments a r e  f a c t u a l  s t a t i s t i c s  showing that  the 
safety record of general  aviation i s  very poor. 
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The threa t  of general  aviat ion aircraf t  col l iding with 
a i r l i n e r s  does place some burden on governmext agencies t o  provide 
a means, sui ted t o  the economic limits of generd, aviation, t o  
reduce this  threat  without  constraining general  aviat ion.  Simi- 
larly, the public i s  exposed t o  this  type of a i rc raf t  opera t ion  
when us ing   a i r  taxis and when f ly ing  f o r  pleasure and business. 
Many important persons using such aircraf t  have died in recent 
years Secause of landing accidents, running into mountains, and 
by a i r - to-a i r   co l l i s ion   wi th   o ther   a i rc raf t .  
It would seem well within the concepts of public value 
and safetj.  t o  create two o r  three R & D centers for developing 
improved general  aviation t o  the point where i t s  safety record 
i s  great ly  improved over what it i s  today. To simply regulate 
general aviation by reducing the airspace available, requiring 
more and more "airl ine" type avionics,  and t o  in,srease user charges 
a t  a i r p o r t s  t h a t  do have f a c i l i t i e s  i s  leading t o  confrontations 
with legal and sa fe ty  overtones that can be be t t e r  circamvented 
by a small investment i n  this type of general  aviation t e s t  centers 
and/or f a c i l i t i e s .  
The dispersion of general  aviation operations t o  the 
thousands of small  airports (new and old) suited t o  t h e i r  type 
of operation should be supported by ATC; furthermore, navigation 
f a c i l i t i e s  should reach these airports (TOR i s  often unavailable 
f o r  letdown, or i s  t o o  poor  in accuracy), and some form of simpli- 
f i e d  control should be avai lable  a t  the busier  general  aviat iol  
a i rports .  The poten t ia l  of t h e  two-dimensional LF o r  VLF systems 
t o  achieve this (si i lce they have no "line-of-sight" l imitations) 
i s  large md should be exploited. Perhaps, for a few thousand 
dol la rs ,  each small airport could have some minimal let-down, 
Area-Nav, and pos i t ion  repor t ing  fac i l i t i es  su i ted  t o  the speed, 
density, maneuverability, and f l ighk  a l t i tudes  of s m a l l  general 
av ia t ion  a i rc raf t .  
G. VE3TICBL SEPARATION  TEST FACILITY 
The most valuable dimension i n  ATC will remain the 
ve r t i ca l  dimension. With all the  in te res t  in  be t te r  hor izonta l  
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def in i t ion  of airspace with "volumetric" landing systems (such 
as   the  SC-117 and Area-Nav using DME and VOR angle computations), 
it is  often thought that the airspace w i l l  adequately be defined. 
However, i n  examining each of these concepts f o r  hproved h o r i -  
zontal use of airspace, one f inds  that f u l l  dependence on baro- 
metrically sensed altitude remains. Each aircraf t  uses  i t s  own 
measurement of pressure data t o  achieve ver t ical  separat ion in  
ATC. The  Area-Nav computers allow the combined use of VORTAC 
data and barometric data t o  compute ve r t i ca l  p ro f i l e s ,  t o  pro- 
vide ver t ical  navigat ion on airways, and t o  provide descent paths 
toward a runway. Unpredicted errors in DME, VOR, or the baro- 
metric alt imeter can be serious under such conditions of f ly ing  
three-dimensional  "slant"  airways  (see  Figure 18). 
The SSR ATC beacon system also depends on barometric 
pressure measurements. The a i r c r a f t  r e p l i e s  ( t o  a pulse interro- 
gation) with a s e r i e s  of pulses (contained i n  a 20.3 ,&ec time 
period) that can be decoded t o  give both alt i tude and ident i ty .  
The code s t ructure  i s  such t h a t  about 4,000 d iscre te  codes are 
available f o r  a l t i tude report ing t o  ATC. Consequently, by pulse 
interrogat ion " inter lacing,"  a ground ro ta t ing  SSR beam s o l i c i t s  
bo th  a l t i tude  and idexttity during the short time it i s  passing 
and "dwells" on the  a i rc raf t .  The barometric altimeter uses 
a n  (analog-to-digital) encoding disk which i s  varied by pressure; 
this effectively provides (via the transponder) the pressure data 
sensed within each aircraft. 
T h i s  a l t i tude  da ta  i s  quantized in  100-foot increments 
and is used in  the semi-automated ground ATC computations f o r  
co l l i s ion  warning and conflict avoidance. The a l t i tude  da ta  on 
each a i r c r a f t  i s  a l s o  available t o  t he  a i r  t r a f f i c  con t ro l l e r s  
t o  assure that adequate vertical  separation between multiple 
t racks exis ts .  Much i s  made  of this  automatic  a l t i tude report ing 
system, and it i s  of  great significance t o  our national ATC plans. 
There are several  barometric alt imeter errors that  
have been defined by previous studies. Experts in the design 
of barometric altimeters continue t o  reduce errors by such means 
93 
as servo-driven gears t o  reduce drag on the pressure capsules 
t h a t  make up the  hear t  of a barometric instrument. However, 
this increases costs considerably beyond the means of general 
aviation. The object of the barornetzic capsules f o r  providing 
the mechanical power to drive the indicating hands and the a l t i -  
tude eacoding disks leads t o  e r ro r s  i n  the  system. The actual 
separation between two a i r c ra f t  t ha t  a r e  ve r t i ca l ly  sepa ra t ed  
by ATC implies  that  the t racks in  their  respect ive,  ass igned 
horizontal  layer of airspace can cross over the tracks of other 
airspace layers.  Unfortunately,  this separation i s  the  difference 
between two independent sensing units i n  t w o  separate  a i rcraf t .  
It i s  olten the small  difference between two large, independently 
measured quantities--for example, an a i r c r a f t  at an a l t i t ude  of 
11,000 f e e t  and another  a i rc raf t  a t  an a l t i t ude  of  10,000 f e e t  
are represented by 11,000 minus 10,000, or 1,000 fee t .  
Fr ic t ion ,  p i lo t  se t t ing  e r rorsS  ground reading errors,  
rapidly changing frontal cozlditions, static line errors, hysteresis, 
e t c . ,  a l l  can contribute i n  one w a y  or another t o  a f f l i c t  t h e  
ATC separation accuracies. There i s  a t  p resent  no way f o r  a 
p i l o t  i n  f l i g h t  t o  be aware of these errors ,  and he must f l y  
with a high level  of f a i th .  The ATC system must a l s o  accent 
this high level  of f a i t h  whether it i s  warranted or not. It 
does not matter i f  a a i r l iner  wi th  a 3O,OOO-d0llar servo-driven, 
dua l  i n s t a l l a t ion  i s  within 200 f e e t  of  i ts  cor rec t  a l t i tude ,  
i f  t he  ve r t i ca l ly  sepa ra t ed  t r a f f i c  consists o f  a general avia- 
t i on   a i r c ra f t  w i t h  a low cost and possibly poorly calibrated 
altimeter. 
From t h e  p i l o t ' s  and controller 's  viewpoint,  an erro- 
ne3us al t i tude reading is  as convincing and believable as a cor- 
rec t  a l t i tude  reading  as no a l ternat ive exis ts  but  t o  accept at 
face value the displayed alt i tude or the trmsponder report of 
a l t i t ude  t o  the ground ATC system. It i s  often the difference 
between two large readings in a ground ATC computer that  creates  
the degree of ver t ical  separat ion.  A recent report  by the  FAA 
(Appendix 0-6, DOT/ATCAC repor t )  s ta tes  that l i t t l e  q u a n t i f i e d  
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data  on general aviation al t imeters  is avai lable ,  but  that  the 
da ta  tha t  i s  avai lable  indicates  that  most  errors are "within 
-600 f e e t  w i t h  m a x i m u m  deviations t o  900 feet ." This i s  qui te  -4- 
unset t l ing t o  dense ATC concepts. Bench checking w i t h  good 
standards of o n l y  the instrument does n o t  include the many other 
in-f l ight  errors  that can jeopardize vertically separated traffic.  
With the expansion of barometric encoded instruments 
t o  general aviation aircraft  (about a 500-dollar addition t o  a 
1,000-dollar ATC transpoader), it will soon be possible f o r  ATC 
t o  automatically determine what each a i r c r a f t  i s  reporting in 
the  way of  height; information. A v e r t i c a l  ground-based radar 
can measure the aircraf t . ' s  height  t o  10 f e e t  or so r e l a t ive  t o  
the elevation datum of  the radar. This ground a l t i t u d e  data is 
used t o  chekk the barometric air  data.  The f a c i l i t y  t h a t  would 
be developed here would be an electronic means of  establishing 
independently the true height of the  a i rc raf t  adcompar ing  th i s  
with his reported barometric height.  This facil i ty would be 
effect ively a "quality control" measurement making l'spot-checksl' 
on the most c r i t i c a l  and precise measurement u t i l i z e d   i n  ATC. 
Obviously, i f  t h e  p o s s i b i l i t y  of  a 600 t o  900-foot error  i s  
prevalent, one cannot continue t o  assume safe handling of a i r  
t r a f f i c  i n  1,000-foot layers that assume -500 foot separations 
f o r  about 6 sigma exponential values. 
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Good engineering practice would suggest that  the error 
of the barometrically sensed altitude information be such that 
w i t h  a l l  e r r o r s  combined on a 3 sigma bas i s ,  t he  to t a l  e r ro r  
be less  than  250 feet.  This would mean tha t  two ve r t i ca l ly  sepa- 
ra ted aircraf t  each i n  error  by 250 f e e t  would still be separated 
by 500 fee t .  The 500 f e e t  w o d d  a l lox for  the values  in excess 
of 3 sigma which, though s m a l l ,  a re  of r ea l  s ign i f i cmce  when 
one considers the millions of operations involving the proximity 
of two a i r c r a f t  t h a t  depend fully on ver t ical  separat ion.  The 
tens  of m i l l i o n s  of operations that use the alt imeter data t o  
clear physical obstructions (mountains, landing approaches, etc.) 
i s  a l s o  of great concern, since far  more f a t a l i t i e s  occur i n  tbis 
category than in m i d - a i r  co l l i s ions  of two a i r c ra f t .  
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H . VERTICAL DATA COLLECTION FACILIW 
~ .~ 
The ver t ica l   da ta   co l lec t ion  facil i ty would be mobile 
i n  nature  with the abi l i ty  t o  in te r roga te  the  a i rc raf t  SSR trans- 
ponder (on 1030 MHz) when it i s  overhead t o  obtain i t s  reported 
(via transponder) alt i tude f o r  comparison w i t h  the independently 
measured a l t i tude .  The t e s t  f a c i l i t y  would then determine (1) 
the instrumental  error (difference between the independent, 
radar-type, measurement and the SSR coded reply) ,  and (2) the 
f l igh t  e r ror  ( the  d i f fe rence  between the ATC ass igned al t i tude 
and the actual  instantaneous al t i tude) .  The l a t t e r  i s  obtained 
by mo.aitoring ATC instruct ions t o  t he  a i r c ra f t  f l y ing  averhead 
of t h e  t e s t  unit. To a s su re  tha t  t he  a i r c ra f t  f l i e s  d i r ec t ly  
overhead (or nearly s o ) ,  t h e  t e s t  unit i s  located along an airway 
or a~ ILS approach path t o  a runway. By means  of slant range 
corrections, the independently measured radar height does not 
include errors due t o  the  a i rc raf t  no t  be ing  d i rec t ly  overhead. 
Various simple means ex i s t  f o r  making this correct ion in  the 
measurement so t h a t  a i r c r a f t  need t o  pass over only approximately 
i n   t h e   v i c i n i t y  of  t he  measuring units (not necessarily through 
the zenith angle above t h e  f a c i l i t y ) .  
The data output of the SSR and radar height measurement 
would be automatically recorded in digital  form--the or iginal  
SSR alt i tude data being already in  t h i s  form. By establishing 
a national program--with some dozens of low-cost data  col lect ion 
units located throughout the country--statistically acceptable 
information about this c r i t i c a l  A!I'C input can be col lected for  
the f irst  time i n  t h e  h i s t o r y  of ATC. Independent of p i l o t s ,  
operators, o r  agencies, a r ea l i s t i c  appra i sa l  can be made of  how 
high the r isk i s  with ve r t i ca l ly   s epa ra t ed   a i r   t r a f f i c .  
Although no regulatory action i s  intended or should be 
allowed during the data collection phases, it will be obvious 
who the offenders are. They w i l l  have ao knowledge of t h e  t e s t  
or extent o f  height errors, but they can be quickly notified t o  
correct their  instrumentation and avoid any fu ture  s i tua t ions  of 
hazardous vertical separation. Unless sane national measurement 
e f for t  i s  made, and a continuous feedback t o  t he  a i r c ra f t ,  p i lo t s ,  
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and the instrumen-i- makers established, we m a y  simply jeopardize, 
unwittingly, the safety of the national ATC system. 
We must have quant i f ied ,  s ta t i s t ica l ly  va l id  informat ion  
r e l a t i n g t o t h e s e  a l t i t u d e  e r r o r  values in ATC and either co;?trol 
and monitor them t o  within acceptable limits, o r  increase the 
amount of ver t ica l  separa t ion  in  mC. It is  unwise t o  proceed 
without t h i s  knowledge knto an automated ATC (ground processing) 
system whose computers employ 100-foot reporting accuracies f o r  
ver t ical  separat ion and specific sloping airway computations 
(using only VORTAC) of many forms when we suspect e r r o r s  up t o  
900 f ee t .  Some sc i en t i f i c  da t a  must be available concer&ing the 
s t a t i s t i c a l  Dature of actual  in-f l ight  measurements of a l t i t ude  
errors.  It i s  the in-fl ight functioning o r  ATC-pilot use of the 
al t imeter  that  can be f a t a l ,  not how w e l l  it performs on a bench 
i n   t h e  hangar. 
Once this data source i s  s t a t i s t i c a l l y  sound, based on, 
say ,  2 years of data collection throughout the airway system 
using 30 o r  s o  col lect ion vans, the  automated national ATC system 
can then be  "programmed" with confidence. To assume this knowledge 
on v e r t i c a l  Al?C e r r o r s  ex is t s  today  i s  t o  assume that  someoxe has 
r ea l ly  measured s ta t i s t ica l ly  va l id  quant i t ies .  Surpr i s ing  as  
it m a y  be ,  t h i s  i s  not s o  (as confirmed by the FAA), even though 
alt imeters have been used since before the  ea r ly  f l i gh t s  by the 
Wright Brothers. No "in-fl ight" measurements exist f o r  a l l  t y p e s  
of a i r c r a f t  f l y i n g  a t  the  various speeds and f l ight  configurat ions 
used i n  ATC. Only i n  r a r e  cases i s  this data available. 
The collected data base would f i r s t  be used f o r  a 
national assessment of the safety 03 the  " t igh t , "  ver t ica l ly  
separated airspace concepts now being formulated for Area-Nav, 
sloping airways, and terminal area controlled airspace (see Figme 
18). Once th i s  da ta  base  i s  adequate, then the system would 
remain as a national calibrating-quality-control facil i ty along 
selected airways f o r  p i l o t s  t o  obtain data 03 the i r  a l t imeter  
errors  while  in  f l ight .  Several  means exist  ( including a voice 
automated tape from the ground) for informing the pilot  o r  an 
a i r c r a f t  overhead (the facil i tg) of h&s independently measured 
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height and possibly even the e r r o r  and polar i ty  of h i s  a l t i t ude  
reporting using ATC transponder codes.  Again, since tens of 
thousands of a i r c r a f t  will be using these transponder altitude 
reporting means shortly, such a t e s t   f a c i l i t y  should be quickly 
developed and deployed. A basic R & D t o o l  for the designer of 
ATC systems w i l l  then be available,  making an acceptable science 
of u t i l i z i n g   t h e  most c r i t i c a l  dimension of ATC technology. 
" 
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V. ATC INEORMB'PION EXCHBNGE BE!WEEN PILO!l?S AND CONTROLLERS 
A. S - - T O - e ,  . AIR--gO-GEO-F~, ~~ AM) GROUND-TO-AIR SIGNALLING 
I n   t h e  t o t a l  exchange of da ta  f o r  navigation, a i r  
t r a f f i c  con t ro l ,  and landjng guidance, considerable information 
musi; be passed between p i l o t s  and the  ground cont ro l le rs  con- 
cern ing  the  f l igh t  of the ai rcraf t .  Current ly ,  much nore data 
nust be passed fron the  ground t o  t h e   a i r c r a f t  ehan from the  
a i r c r a f t  t o  the  ground. It i s  a l s o  not a moot question as t o  
whether there should be air-to-air exchange of da ta  and, i f  so ,  
f o r  what purpose and i n  w h a t  form. To answer the last question, 
it m a y  be necessary t o  first es tab l i sh  what data  i s  exchanged 
between a i r  and ground before examining the needs and in te r faces  
of an air-to-air s ignal l ing system f o r  exchange of da t a  d i r ec t ly  
between a i r c r a f t .  A n  optimized f l o w  of information along three 
c r i t i c a l  ATC paths i s  essent ia l  t o  maximizing system capacity 
and lowering t o t a l  national costs.  A n  ATC system w i t h  an imbal- 
ance, such as excessive ground-to-air data exchange and lower 
capacity, increases costs and raises questions of safety,  
t ra in ing ,  and added burdens on ground control lers .  The current 
ATC system i s  probably suffering from t h i s  imbalance as noted 
in Figure 19. 
The ground-to-air data exchange i s  i n   t h e  forin of 
a i rcraf t  recept ion of ground-originated signals of navigational 
data  such as VOR, DME, TACAN, ILS loca l izer ,  ILS gl ide path,  
Marker Beacons, voice communications, SSR interrogat ions of 
i den t i ty  (lO3O"Hz path) ,  SSR interrogations of a l t i t u d e ,  and 
similar data. The air-to-ground data (that i s ,  data  or iginat ing 
i n   t h e   a i r c r a f t  and transmitted t o  the ground) i s  i n   t h e  fo rm of 
SSR r e p l i e s  (on the 10~0"Hz path)  of a i r c r a f t  i d e n t i t y  (one of 
4,000 codes ) ,  a l t i t ude  in  coded form, and position (range-angle) 
such as used in a surveil lance radar.  A l s o  t he  p i lo t ' s  vo ice  
communications reports  are  an important part of  t he  air- to-  
ground f l o w  of  ATC information as is the  a i r  or ig in  of the  DME 
signals.  AuxiliaryATC data  or iginat ing from weather radars, 
101 
d 
A. 
EXCESSIVE 
GROUND TO 
AIR 
B. 
EXCESSIVE 
AIR TO 
GROUND 
0.  
OPT1   MIZED 
THREE ATC 
PATHS 
FOR DATA 
EXCHA.NGE 
VARIATIONS IN THE TCiLREE PATHS OF IXE'ORMATION TRANSMISSION IN ATC 
FIGURE 19 
102 
radio alt imeters,  Doppler navigation systems, and proposed 
proximity or collision detection systems a l s o  are air-originated 
signals but with only airborne l~se of the  data, the ground 
deriving no gains. 
A s  seen in  th i s  b r i e f  su rvey  of the exchange of sig- 
nals, several systems are engineered t o  create  this balance of 
ATC signal transmission paths, s o  that the ground control lers  
are as w e l l  informed as the individual pilots concerning the 
a i r c ra f t ' s  cu r ren t  and future  flight path. Since ground s ignals ,  
such as SSR, have the advantage of f ixed refereaces ,  effor ts  
must be sustained t o  inform the pilot  of information pertinent 
t o  him, such as  his  own t rack and schedule and the radio guidance 
and ATC data inputs.  The amount o f  information available t o  
t he  p i lo t  r e l a t ing  t o  o ther  a i rc raf t  in  the  a rea  is usually 
l imited t o  proximity cases such as ground-originaked voice data 
reporting the proximity of a i r c r a f t   f l y i n g   i n  a cer ta in  d i rec t ion  
and a t  cer ta in  different  a l t i tudes with respect  t o  the subject 
a i rc raf t .  The desire t o  provide a f u l l  ATC display of a l l  air- 
c raf t  as  the  ground controller uses is a natural  one, but would 
confuse the pilots and essent ia l ly  make controllers out of each 
p i l o t ,  s o  that the central ized man3gement and decision process-- 
essent ia l  t o  safe ATC--can be negated. Thus, t o o  much as well 
as t o o  l i t t l e  information for  the pi lots  i s  undesirable. Prob- 
ably the main difference in applying a "picture" of air  t r a f f i c  
i s  thx t  the  ground control ler  always uses fixed reference coor- 
dinates  for  determining the relat ive posi t ion of two a i r c r a f t ,  
while the pilot ,  being i n  an a i r c ra f t   w i th  moving and continuously 
changing coordinate information, i s  dealing with a "floating" 
coordinate system varying in three displacement values and three 
angular  values. 
Some planners think that more air- to-air  data  exchange 
shoxld take place f o r  various reasons, the most  important being 
co l l i s ion  avoidance and warning of proximity of o ther  a i rc raf t .  
O f  course, air-to-air voice contact can take place t o d a y  since 
nearly a l l  ATC functions involving voice are on common (simplex) 
radio channels s o  that without switching a p i l o t  can he= instruc- 
t i ons  t o  o t h e r  p i l o t s  i n  h i s  v i c i n i t y  and benefi t  f rom th i s .  He 
can, if  the  occas ion 'a r i ses ,  t a lk  d i rec t ly  t o  another pilot  since 
with simplex both transmitting and receiving frequencies are 
common and messages are  time-shared. However, usually the ground 
inst igates  near ly  a l l  voice data  t ransmissions (as  noted in Figure 
20) with but few transmissions between p i l o t s  only. 
Thus, we should investigate the value and extent of  a i r -  
to-air  s ignal l ing and how it coordinates w i t h  the ground-to-air 
and air-to-ground exchange of ATC related data.  This third (air-  
to-air)  path of data  exchange, i f  overdone, can be confusing t o  
the p i l o t ,  since only the ground cent ra l  ATC system elements are 
capable of assessing the mult iple  f l ight  paths ,  f l ight  plans,  
t rack veloci t ies ,  a i rport  loading,  a l t i tude separat ion,  e tc . ,  s o  
essent ia l  t o  high-density operatiom involving .thousands of poten- 
t i a l   i n t e r a c t i o n s  between hundreds of a i r c r a f t   d a i l y   i n  a given 
geographical region. Because the ground is  technically more sui ted 
t o  many  of these functions, it may  be t h a t  ATC has gone t o o  f a r   i n  
th i s  d i rec t ion ,  leav ing  the  p i lo t s  somewhat "out of the act" and 
placing t o o  much burden 03 ground control lers .  T h i s  requires 
excessive numbers of control lers  and excessive numbers o f  control 
sectors.  
B. COWLICT  PREDICTION--COLLISION  AVOIDANCE/PROXIMITY ALERTING 
Conflict  prediction i s  one of the basic functions of 
the centralized (ground oriented) ATC system, using the coded 
transmissions from a i r c r a f t  and the computer processor equipments 
for  predict ing confl ic ts ,  and more importantly resolving them 
p r io r  t o  any proximity case that i s  unplanned. "Collision Avoid- 
ance" i s  not usually p a r t  of the ATC language as  coaf l ic t  predic-  
t i o n  and resolution effectively create tracks,  schedules,  and 
r m t i n g s  t h a t  do not create a common occupancy of the same a i r -  
space by two aircraf t .  "Coll is ion Avoidance" i s  a poor  choice 
of terminology as it in fe r s  a f a i l u r e  of the posit ive thinking 
and in ten t  of a i r  t r a f f i c  c o z t r o l  f a c i l i t i e s .  
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Furthemore, when the ground detects  a po ten t ia l  con- 
f l i c t ,  t h e  s o l u t i o n  ( t o  avoid subsequent conditions of Jrproximitglf 
o r  "col l is ion")  is usually a change i n  hsading, change i n  t r a c k  
speed, o r  perhaps  a change i n  a l t i t u d e .  The significant, point 
is t h a t   a l l  maneuvering options are open t o  the ground solution, 
since full data about track, heading, speed, and a l l  other adja- 
cen t  t r a f f i c  i s  known. Collision Avoidance  Systems (CAS) typical ly  
give but one l imited option, that  of changing a l t i t ude ,  and a r e  
not capable of using the other options of heading, track velocity, 
etc. ,  open t o  the ground.  Furthermore, CAS concepts only accommo- 
date ~ W O  a i r c r a f t  and ignore the impact of the  two aircraf t  solu-  
t i on  on others. Limited climb or dive commands ignore any t h i r d  
a i r c r a f t ,  or f o r  that  matter other orderly aircraft  following -the 
ATC instruct ions which a re  optimized f o r   a i l   a i r   t r a f f i c ,   n o t  
merely two a i r c r a f t .  
This i s  again the r e s u l t  of CAS "floating" coordinates. 
Even a v e r t i c a l  change is the poorest and weakest of the  avoidance 
options, since barometric data i s  notoriously weak. Another par t  
of this  report  snggests  means f o r  minimizing excessive barometric 
errors.  
Most CAS systems, being based on airborne coordinates 
between two aircraf t ,  operate  different ly  from ground systems 
[see survey i n   t h e   I n s t i t u t e  of Electronic and Electrical Engineers 
(IEEE) Transactions5 AES-4, No. 2,  March 1968, and in the IEEE 
l'Spectrum" issue of August 197a . Since the air-derived CAS data  
concerning another aircraft is  primarily range information, this 
range data and its r a t e  of change (range-rate) i s  a computation 
t o  evaluate whether a ta rge t  i s  closing toward the subjec? air- 
craf t .  However, all a i r c r a f t  must carry fully compatible, stand- 
ardized and sometimes costly equipment t o  aake the CAE system 
foolproof. Only a i r c r a f t  t h a t  i n s t a l l  new, fully compatible, 
fully spherical signal coverage, working in fu l l  concer t ,  a r e  
protected. CAS does not use signals available from other sources 
i n  t h e  a i r  or fram the grolmd. Some ATC experts think this "inde- 
pendence" a virtue; others think it a major f au l t  a s  it duplicates 
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and usurps ATC functions [including proximity warning indicators 
(M) and CAS] bet ter  solved by other means. 
The FAA now requires  that  a l l  a i rcraf t  operat ing i n  
many of  the high-density areas carry SSR-ATC transponders, and 
this requirement i s  l i k e l y  t o  increase the t o t a l  areas affected. 
Having done t h i s ,  t h e  ground automatic system can track a l l  air- 
craf t ,  s ince they reply t o  ATC with strong ground-to-air signals 
with posi t ion,  ident i ty ,  and al t i tude establ ished ear ly .  Any 
potent ia l  ccnf l ic t s  a r e  thus detected much bet ter  than i s  the  
case with CAS, and ATC control modifies and r e -d i r ec t s  t r a f f i c  
i n  t h e  one best  manner, selectable from many  options,  that  ful-  
f i l l s  the exact need of the occasion. A slight heading o r  speed 
change modifies a potent ia l  confl ic t  wel l  before  a "proximity" 
ex is t s  and does not create the undesirable emergency s i tua t ions  
of CAS, and p i l o t s  do not  receive false  a l a r m s .  The CAS system 
is based on the aircraft  cl imbing or descending i f  t h e  exchange 
of alt i tude range and range-rate reports of the t w o  cooperating 
a i rc raf t  ind ica tes  common posit ion-alt i tude occupancy (within 
tolerance limits of their barometric sensing). A s  noted, from 
an ATC viewpoint,  this i s  a very restr ic ted solut ion,  s ince of ten 
i n  ATC prac t ice  a l t i tude  l a y e r s  are independently sensed and con- 
t ro l l ed ,  and the two a i r c ra f t  would then possibly create a fur ther  
se r ies  of ATC conflicts because the CAS maneuver i s  by i ts  very 
nature  total ly  unpredictable  and unscheduled. CAS i s  an emergency 
and there  are  w a y s  t o  engineer ATC concepts that do not depend 
on emergencies. 
C. ALERT SIGNALS REPLACE  CAS SIGNALS 
The a le r t ing  func t ion  (a le r t  only--no maneuver commands) 
m a y  be more readily achieved by using sane of  the SSR transponder 
signals t o  a le r t  (on ly)  another  a i rc raf t  in the  v i c in i ty  of the 
"presencef1 of the proximity si tuation, and at the same time using 
the SSR codes t o  automatically signal this condition t o  the ground 
ATC computer displays, using the same SSR system signals,  displays,  
etc., already colnmitted nationally. 
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In this redundant, SSR-manner, i f  for some reason the 
COmPUtiq, tracking, and d i s p l w  sgstem of the central ized ground 
System i s  a t  fau l t ,  the  air- to-air  detect ion of the  other  a i r -  
craf t ' s  t ransponder  s ignals  would be used i n  the automatic alert  
' t o  the  authori ta t ive ground  system.  These air-sensed p r o ~ m i t y  
signals using available,  special ,  assigned SSR codes would i n  turn 
by-pass a l l   l o c a l  computer programs, a t t rac t ing  the  human control ler  
immediately t o  take over, The proximity case i s  then resolved 
by the many maneuvers t h a t  can be selected f rom the  ground using 
fixed coordinates. The c o n t r o l l e r  c m  a l s o  determine the identity 
of each aircraf t ,  and a solut ion i s  immediately known t o  a l l  
pa r t i e s ,  and coxfusion as t o  which a i r c r a f t  w i l l  make the evasive 
maneuver i s  avoided. The maneuver does not result  i n  a chain 
reaction i.n dense t r a f f i c  as i s  possible w i t h  CAS concepts. 
The ground sensing of the  air-to-air (SSR) signal l ing 
of the proximity case m a y  be such tha t  the  a le r ted  cont ro l le r  
determines that a l l  is safe and that the close passage of the two 
a i r c r a f t  i s  per fec t ly  safe  and i s  i n  accord w i t h  the  ATC plan and 
c r i t e r i a .  This concept  avoids  the  "false a l a r m "  deficiency of 
the "independent" CAS systems, yet adds redundancy and safety t o  
ATC, catching blunders, controller oversights, and computer pro- 
gramming m d  processing errors. 
Normally these SSR proximity signal cases are not false 
alarms t o  t he  p i lo t  ( ca l l i ng  f o r  rapid climb or descent), but may 
be "a le r t s"  t o  t h e  p i l o t s  t o  check with ATC or t o  ewec t  a l e s s  
violent maneuver t h a t  i s  known t o  be optimized; when executed 
this maneuver w i l l  n o t  t r i gge r  a second proximity case with a 
third aircraf t  because of the f irst  maneuver. Often the SSR 
proximity alert  would not  involve a maneuver, while in the "inde- 
pendent CAS" case this cannot be assured. A l l  CAS comands must 
be Slindly folloxed by the  p i lo t .  The reason that "no maneuver" 
w i l l  of ten be the conclusion, even w i t h  an air-to-air sensed 
a l e r t ,  i s  tha t  t o  effect  the posi t ive control  of dense a i r  t r a f f i c ,  
planned, close spacings w i l l  occur and are  qui te  safe  i f  t h e  
tracks and closing veloci t ies  are  under centralized, common, 
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ground control. With ATC, each f l ight  i n  three dimensions and 
time is integrated with all other air t r a f f i c   i n   t h e  vicinity, 
T h i s  pr inciple  i s  the essence of  the centralized SSR system, using 
contiiluous airborne pulse transmission of a l t i tude ,  ident i ty ,  
range, and angle. 
D. COXE'LICT 0% AUTHORITY IN ATC 
Among other limitations, it is  the  inab i l i t y  of the ;inde- 
pendent CAS system t o  fu l ly  in tegra te  in to  the  major ,  national ATC 
program (based on SSR transponders) that creates what can be 
serious operational and safety confl ic ts ,  s ince effect ively t w o  
authorities exist--one i n  the a i r  and  one  on the ground. I n  t h e  
case of pi lo t - in i t ia ted  maTleuvers of climb or descent  the air  
authority i s  basing decisions on l imited data;  the ground authority,  
however, can ha-re much greater data with much greater assurance 
an3 accuracy, consequently, i t s  decisions must predominate as they 
can affect many other  a i rcraf t  than $he two proximity aircraft .  
Thus,  an;^ weaknesses of  the automated groand system 
( jus t i fy ing  CAS)--programming errors,  controller oversight,  or 
equipment failure--can be overcome by a supplemental bat fully 
compatible air-to-air signal using air-transmitted, sharp pulses 
of  the SSR system. Since now sane forty t o  50 thousand a i r c r a f t  
transmit pulses  in  reply t o  all SSR ground stations (overlapped 
interrogate areas),  there are many repl ies  avai lable  f rom a l l  
nearby a i r c ra f t  t ha t  can be synchronously examined i n  each air- 
craft f o r  range (and possibly angle) t o  a l e r t   t h e  s i lbj  ect  a i rcraf t  
if other  a i rcraf t  are  t o o  close. Before a maneuver is executed 
i n  the SSR-proximity concept, the proximity signal i s  relayed t o  
the ground, and the ground determines w h a t  i s  suitable. CoJfidence 
i n  equipment functioning i s  established because the transponder 
i s  known t o  be operating merely for the aircraft t o  be accepted 
in to  the  SSR system.  Consequently, fail-safe,md  graund-air 
alert ing functions are assured by SSR. A CAS equipment f a i l u r e  
can go undetected by both air and ground. 
It is possible f o r  A% t o  u t i l i ze  var ious  leve ls  of 
the SSR air - to-air  s ignal l ing where only simple w a r n i n g  s ignals  
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can be given the general  aviat ion pi lot  w i t h  a $300 wit. O r ,  
the  same SSR air-to-air signals can srovide relative location 
(such as alt i tude,  range, and angle of the proximity aircraft)  
using more sophisticated equipmeats i n   a h l i n e  and mi l i ta ry  air- 
c raf t .  Thus, i f  the ground ATC does request a rapid change i n  
f l i gh t  pa th ,  t he  p i lo t  i s  expecting it, is aware of the reason, 
and can, in the case of sophisticated atrrborne uni t s ,  ac tua l ly  
monitor the results.  
In t h i s  manner a l l  pa r t i e s  a re  p ro tec t ed .  Once the  
required transponders .are i n  a l l  a i rcraf t  planning t o  f l y  i n  
selected areas,  everyone is  protected even i f  a EWI i s  h o t  added 
t o  a l l  transponders. Clear authority f o r  ATC maneuvers i s  estab- 
l ished. Futhermore,  the central  authority and safety of the ATC 
system is n o t  challenged, and Ad1 (or  CAS) becmes an  in t eg ra l  
par t  of the transpolder and the ATC system's displays, computers, 
etc.  It adds at  l i t t le  cost  the important  "proximity-aler t"  t o  
a successful ATC system now being iaplemented. 
To a s m e   t h a t   t h e   n a t i o n d   e f f o r t  of ATC w i l l  require  
a separate CAS system suggests various weaknesses, which i f  they 
ex is t  must be corrected, since even the  most  ambitious CAS pro;?o- 
nent does not suggest actual ATC can be derived from only the 
air-to-air signals. Fortunately, the same and possibly more bene- 
f i t s  derived f rom an independent, cost ly  CAS system should be 
obtainable f rom the already standardized transponder-ATC system, 
reducing costs and improving r e l i a b i l i t y  and services. 
E. AIR-TO-AIR EXCHANGE OF D N A  IS PROBABLE 
Thus, i n  summary, it can be said that limited air-to-air 
s ignal l ing may  be accepted i n  due time i n  some f o r m  i f  it i s  an 
in tegra l  and commo~~ pa r t  of the current natioilal  s-nveil lance 
system. It can act in concert  with the central  system as a check 
on possible errors.  The confl ic t  predict ion capabi l i ty  exis t ing 
i n   t h e   f u l l  transpollder-interrogator environment (with automatic 
t rack and conflict computation) will probably have such high 
in tegr i ty  tha t  th i s  l imi ted  a i r - to-a i r  s igna l l ing  func t ion  will 
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have more than adequate redundancy, thus avoiding a costly, con- 
plex, unwieldy imposition of another electronic system f o r  only 
CAS. This i s  obviously an N C  area that  a t  the present  moment 
seems more serious than it w i l l  be i n  the future,  since now tens 
of thousands of transponders are being added or a r e  i n  use i n  
general  aviat ion aircraf t  in  order  t o  comply with N C  in  general ,  
and spec i f ica l ly  t o  s a t i s f y  new regulatory procedures f o r  entering 
dense t r a f f i c  a r eas .  Consequently, by force of his tory and suc- 
cess of SSR, e s s e n t i a l l y  a l l  a i r c r a f t  w i l l  be transponder equipped 
tha t  can be of concern i n  a  dense t r a f f i c  environment. Also, by 
1974 n e a r l y   a l l   c r i t i c a l  ground areas w i l l  be under automatic sur- 
veil lance by multiple, overlapping SSR interrogator signals using 
the coded a l t i t u d e  and iden t i ty  messages. By then the ful l  display 
and computer i n s t a l l a t ions  for both automatic and (ground) con- 
t r o l l e r  monitoring of any potent ia l  conf l ic t  will exist .  
The current incomplete implementation of the SSR program 
admittedly leaves a few weaknesses f o r  a short while. However, 
the need t o  go thro:lgh such a major, costly,  national program 
again for equipping w h a t  w i l l  be 100,000 a i rc raf t   wi th  new CAS 
equipment f o r  equal effectiveness w i l l  probably not be warranted. 
The very weakness the CAS is intended t o  overcone can short ly  be 
overcome by the SSR system i t s e l f  when f u l l y  implemented and with 
a sl ight modification for air-to-air  synchronous sensing of pulses 
as an in tegra l  par t  added t o  e x i s t i n g  data used in the air-to- 
ground signalling path. 
F. IMPLICAlClONS OF AIR-TO-AIR DATA EICHANGE AND ADVANCEXI PILOT 
DISPLAYS 
We have covered some of the possible technology that 
can create  a small change in  the del icate  balance of data exchange 
between the cr i t ical  information paths  used by ATC. The more 
conventional data transmissions of navigation and t rack  informa- 
t i o n  t o  the cocQit  for  use by the p i l o t  t o  f ly  with respect  t o  
earth coordinates w i l l  need some further expansion t o  sustain 
the  balance . 
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The air-to-ground  translnis si on of data  f o r  .use by the  
ground cont ro l le rs  i s  mostly based on the  SSR interrogator- 
transponder system and voice communications. The  many technical 
advantages of an earth-based interrogation and information col- 
lection system include high power, d i rec t ive  beams, multiple 
si tes,  pernanent coordinates,  large computer and process iw capa- 
c i t i e s ;  when a l l  combined, these advantages tend t o  emphasize 
the benefi ts  of t h i s  (ground oriented) method of control.  In 
the militarg case of controll ing a f i g h t e r  t o  a spec i f ic  ta rge t ,  
the ground controller "vectors" the p i l o t ,  ins tan t  by in s t an t ,  
by voice instructions t o  h i s  ta rge t .  Each a i r c r a f t  under control 
must receive specif ic  instruct ions relat ing only t o  his  special  
circumstances.  This  concept of a i r  t m f f i c  c o n t r o l  i s  bown as 
"close" o r  " tact ical"  control .  Each individual p i l o t  effect ively 
changes heading, speed, a l t i t ude  and, executes other maneavers 
only by t h e  direct  instant-by-instant instructions t o  only h i s  
a i r c r a f t  from the ground control. Voice i s  used i n  most cases; 
however, automatic data links with visual c o m m d s  displayed t o  
the p i l o t  have also been used in the  mi l i ta ry  tac t ica l  cont ro l  
concepts.  Often i n  "close1' control the pilot i s  Unaware  of h i s  
exact location and depends on the ground for  ,&dance as well as 
control, dispensing with normal forms of navigation. 
A n  a l t e rna t ive  a i r  t r a f f i c  cmt ro l  p rocess  which a l s o  
has been tested in mili tary applications i s  t o  use "broadcast" 
con t ro l  i n  which the posit ional coordinates of the  t a r g e t  a r e  
made available t o  the pilot  but he navigates and solves his own 
intercept  problem. The p i l o t  uses the navigation system Goor- 
d inates  re la ted t o  the targe5 a d  h i s  own coordinate location t o  
f o l l o w  the navigation system t o  intercept  his  target .  Three geo- 
metric  dimensions,  time,  and  velocities a re  a l l  involved. Both 
llclose'l and "broadcast" control concepts have been used in  mif i -  
t a r y  t a c t i c a l  s i t u a t i o n s ,  and strong advocates of each colcept 
can be found.  Figure 21 i l lustrates  these coacepts .  
If but a single o r  only a few a i r c r a f t  a r e  involved, 
"close" control has certain advantages. If l a rge  numbers of a i r -  
c r a f t  a r e  involved either as interceptors and/or t a rge ts ,  
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"broadcast" control has advantages m o s t l y  r e l a t i n g  t o  control of 
mult iple  a i rcraf t .  The ma jo r  differences seem t o  l i e  in the prob- 
lems of t ransfer r ing  information between a i r  and ground i n  each 
of the concepts. Close control obviously requires more and more 
ground control ler  and ground-to-air transmissions as the need t o  
cont ro l  the  a i rc raf t  increases  w i t h  t r a f f i c  volume. Increased 
density of  t r a f f i c  cases  inc reased  load ing  on  this ground-to-air 
l ink  i n  ltclosetl control concepts. 
In the in-berceptor case,  the acquisit ion of the  ta rge t  
w i t h  the airborne radar requires the "broadcast" control t o  merely 
p lace  the  a i rc raf t  near  enough t o  the target  t o  use the air-to-air 
data of t he  t a rge t ' s  r e l a t ive  pos i t i on  f o r  achieving the proximity 
s i tua t ion  des i red  by the  in te rceptor  p i lo t .  Thus, when the  a i r -  
to-air  data i s  available t o  t he  p i lo t ,  it can be used by him, 
reduckg graund instruct iom. 
The t ightness  of the "close" control loop that contin- 
uously and precisely provides ground-to-air information t o  the  
p i l o t  by s teer ing and velocity commands is avoided in  broadcast 
control. Although the .tactical exaaple does n o t  apply directly 
t o  ATC, many s i m i l a r i t i e s  do ex is t .  In  o ther  words, as the ATC 
control ler  controls  more and more a i r c ra f t   w i th  more and more 
p o s s i b i l i t i e s  of conflicts (usually going 'up as the square of 
the nmber of a i r c ra f t  a i rbo rne  in  a given area), then the instruc- 
t i o n s  f r o m  t h e  ground must go  up geometrically. Since the pilot in 
ATC i s  unable t o  assess his progress  re la t ive t o  other nearby 
t r a f f i c ,  he must be continuously reassured when more closely 
spaced t racks o r  t r a f f i c  i s  essent ia l  t o  give f l o w  capacity t o  
the s is tem as  typif ied by terminal areas. This means that the  
computer and the grclund controllers then must continuously examine 
i n  real-time a l l  the potential  conflicts.  The workload of ground 
ATC using "close" control cozlcepts increases  a t  near ly  the  same 
geometric rates. 
I n  t r u l y  dense t ra f f ic  cases ,  th i s  "c lose"  cont ro l  
method becomes a defeating concept of t ra f f ic  cont ro l ,  s ince  
the human t h a t  must monitor the computer (and h is  po l t ion  of his 
control sector) can only issue s o  many instruct ions and examine 
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s o  many conflicts. Furthermore, the p i lo t  is  increasingly con- 
cerned as he cannot determine whether all is well in   h i s   v ic in i ty .  
This is  why the FAA plans (based mostly on "close" control con- 
cepts) call  f o r  increasing the number of sectors. Ey nearly doub- 
l ing them, and thus reducing each sector's area of coverage, the 
controller theoretically has the sane number of a i rc raf t  t o  con- 
t r o l  but in  less  area.  Once this increased sectorization occurs, 
the number of controllers must be increased by a t   l eas t   the  same 
r a t io  so as  t o  maintain some well substantiated ratios of "con- 
trollers per sector,  "aircraft  per contnoller,  'I etc. One poten- 
t i a l  breakdown appears as the number  of sectors i s  increased 
because the sector-to-sector transfer of  information, known as 
"hand-overs," goes up again as the square of t h e  sectors, o r  
doubling the sectors w i l l  probably increase the  sector-to-sector 
data transfer by about f o u r  times. A q y  faul t  in  the t ransfer  of 
the  control of a f l i gh t  (codes, identity,  posit ion,  alt i tude,  etc.)  
from one sector t o  another can be most  serious. Consequently, 
the integri ty  of the  ATC system i s  l iab le  t o  be reduced with 
increased sectorization, assuming other matters remain constant, 
G. MERITS OF CONTROL 
It is imperative a t  this time in  the his tory of  ATC and 
a t  this c r i t i c a l  phase of expanding close-control comepts t o  
examine the mer i t s  of other basic concepts of the theory of air 
t raff ic  control ,  such as the wider use of "broadcast" control 
methods. I n  this  case the pi lot  i s  to ld  t o  f l y  a given track 
with a given track speed and t o  meet certain checkpoints a t  speci- 
fied times on the track. These can be mostly standardized condi- 
tions using codified tracks and schedules. The p i l o t ' s  a b i l i t y  
t o  f ly suitable tracks f o r  ATC improvements has been greatly con- 
strained with the l imi t ed  radial-only Q p e  of TOR tracks. VORTAC 
with computers (three-dimensional ones w i t h  inserted alt i tude 
' and coordinates of all VORTACs) w i l l  a t  l e a s t  i n i t i a l l y  a id ,  but 
as stressed herein it should in due time be supplemented o r  
reduced by a navigation system that  i s  truly suited (geometrically 
and i n  coverage) t o  t h i s  type of ATC track control. 
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It i s  accepted that the mechanizatioa of Area-Nav a t  
first w i l l  be with VORTAC, but VORTAC's many limitations can 
defeat the real gains of "broadcast" control that need superior 
wide-area coordinates. Such concepts  as  "broadcast"  control 
requiring 5 o r  SO years t o  develop, now need accelerated R & D 
emphasis. Furthermore, the close control concepts are already 
overloaded a t  times and have l i t t l e  remaining growth capacity. 
VORTAC Area-Nav i s  quite complicated since VORTAC i s  a compli- 
cated multi-point, multi-coordinate, and otherwise quite limited 
system f o r  t rue  LLrea-Nav. 
ATC broadcast coxtrol concepts t o  be optimized must 
employ an excellent, very "wide, Area-Nav system. 
H. RECTIL1BEA.R VJ;F-LF COORDINATES FOR BROADCAST CONTROL 
Elsewhere in  this  report  it i s  urged that  ID and VLF 
coordinate (and navigation) systems already i n  existence be 
thoroughly examined and possibly a new hybrid VLF o r  U? system 
be introduced that overcomes any of the transmission difficulties 
that  have previously caused many t o  avoid the i r  use. The tech- 
niques and engineering of a navigation system w i l l  not be dis- 
cussed here other than t o  say that with modern knowledge of 
these low frequency signals and w i t h  the application of  modern 
c i r cu i t ry ,  a l l  of the  limitations of the past  that  restrain 
LF/VLF use can be removed. Validation and research i s  needed, 
but the rewards a r e  s o  enormous i n  ATC alone tha t  it is urgent 
we s t a r t  soae focused R & D in  this  direct ion.  To avoid a tech- 
nical engineering discussion of an I;F/VLF system ( that  w i l l  
divert us from an emphasis on A!FC concepts), we will only COLI- 
sider the impact on the transfer of A E  information based on a 
wide Area-Nav system and typically assume that  such a system 
is  one containing the best features of both Omega and Loran-C. 
We w i l l  examine the impact of such coordinates o n  ATCC, 
personnel, control concepts, and other matters that w i l l  be 
greatly influenced by t h i s  change t o  a superior coordinate system. 
Basically, the coordinates can be visualized as one s e t  of 
equally spaced parallel lines of position crossed by another 
se t  of similar para l le l   l ines  of position with the Itangle of cut" 
(crossing angles) being between 60 and 90 degrees. The simplest 
case t o  visualize, and one often available to ATC (using these 
long baseline systems that are possible at  I;F and VIJ?), i s  a 
rec t i l inear  system, just  as  i f  a rectangular graph paper repre- 
sented the AICC and navigational coordinates. A single LF-KLF 
receiver obtains on board the aircraft both (LOP'S) l ines  of 
position. Often more LOP'S than two are available (usually t h e e  
o r  four), and the user optimizes his position determination by 
u t i l i z ing  only the best. 
This coordinate selection means many things t o  ATC 
concepts of broadcast control: 
1. Neariy constant granularity of  track information (displayed 
t o  the   p i lo t )  is provided rather than the 10 t o  1 varia- 
t ion typical of VOR data. 
2. The average accuracy of the positional data i s  about con- 
stant throughout, typically % x % mile at  the wors t ,  or $ 
square mile vs VORTAC that  varies from a fraction of a 
square mile t o  as much as 4 square miles or more. Often 
poor  geographic control of accuracy prevails with VORTAC, 
where high accuracy is needed (see FAA AC 9 0 4 5  f o r  example). 
3 .  Nearly constant (and high) sensi t ivi ty  can be applied i n  
the pilot displays or autopilots for track-following 01 
straight o r  curved tracks based on LF-VLF. Much lower sen- 
s i t i v i t y  i s  required t o  accommodate VORTAC's (a)  propaga- 
t ion  bends, (b) angular dilution, (c) limited accuracy of  
VOR, and (d) station t o  s ta t ion misalignment. 
4. ESnormous geographical areas employ a common LF-VLF grid so 
t h a t   a l l   t r a f f i c  can be compared in  the  same s e t  of contig- 
uous coordinates. For example, an area 1,000 miles by 1,000 
mi les  can use common, coatiguous VLF o r  LF coordinates 
while VORTAC would have several hundred separate, randomly 
spaced and uncoordinated sources of polar coordinates, each 
requiring examination and channelization by ATC and the 
pilot   before usage. 
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5. The rectilinear-ty-pe*,  constant-granularitg  coordinates 
a t  a l l  a l t i tudes allow uniform traff ic  control  t o  all of 
the nation's 10,000 o r  s o  s t r i p s  or mal1 airports  (remote 
frox je tports)  t o  be as good as  that  a t  je tports ,  This  
ma jo r  advantage of ATC f a c i l i t i e s   f o r  remote locations, 
i n  maimtains, etc., allows dispersion of a i r   t r a f f i c  and 
lower  average densities. VORTAC rYiraws" t r a f f i c  i n to  
l i t t l e  "pools" t o  obtain better accuracy, while the long 
baseline LF/VLF system avoid t h i s  and on the average are 
much more dispersive and precise, keeping localized traffic 
demi t i e s  down. 
There are many  more comparisons between VORTAC and 
W-LF recti l inear type systems tha t  can be made, but in order 
t o  emphasize the theme  of  some forms of cockpit control aiding 
in   t he   t o t a l  BTC system, we w i l l  now examine the possibil i ty of  
having additional p i l o t  functions, which i s  not possible with 
VOPTAC. First, the pi lot  w i l l  note that  the low al t i tude coverage 
of i2,'VT.Z i s  of great value since the signals are retained through- 
out the flight (including approach and on the ground) so  tha t  h i s  
confidence and u t i l i za t ion  of the signals i s  improved. If, for  
example, a given track i s  selected, defined by the crossing LOP'S, 
he can maintain this track more accurately and constmtlyj since 
no switching occurs and no variation i n  coordinate accuracy is 
evident, convergence is avoided. The overall  "control-loop" 
gain of pilot-track does not vary and can be optimized at; higher 
gain levels than with VORTAC. He w i l l  thus fly specified tracks 
more precisely, and the sensit ivity of his display can be improved 
t o  achieve this. Furthermore, it w i l l  be achieved with lower 
p i lo t  workload. 
I, 1O:l DISCREPANCY BETWEEN PILOT AND CONTROLLE2 ATC INFOFPTATION 
The  SSR system has often been used t o  check the VORTAC 
system accuracy simply because it is s o  auch better (see FAA 
* This phrase infers crossing angles of 90'-60' when used herein. 
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report NA 70-3, %valuation of Area-Navigation in the Northeast 
Corridor,'' Jan. 1970). This i s  not t o  quarrel with the scientific 
aspects of using one system tha t  i s  about 10 times better than 
another f o r  measuring performance o f  the poorer  system as   th i s  
i s  an accepted practice. It is, however, intended t o  point out 
that  VORTAC data are that much worse than (SSR) surveillance data 
that  such measurements are valid.  If  the VORTAC were accurate 
t o  about so rather than 3 O ,  this SSR data collection of VORTAC 
Area-Nav tracks would not be possible. 
T h i s  clearly focuses on one  of the great wealmesses ia 
t oday ' s  ATC systems, namely, that  the controller 's  data i s  about 
ten times better than the pilot 's data, and the pilot  i s  aware 
of this .  In spi te  of pi lots '  desire  f o r  more participation in  
ATC, the emphasis goes t o  ground control since the controller 
has by far the superior information. This is merely the resu l t s  
of VORTAC equipment deficiencies and conceptual deficiencies of 
ATC based on VORTAC. Both deficiencies can be remedied. If the 
wide-area systems realized  with V U  o r  LF can operationally rea- 
l i z e  % t o  % square mile positional accuracies of LOP'S, it seems 
quite poss ib le  (with the great amount of data now collected over 
twenty years time on Omega,  Loran-C,  Radux, etc.) that the actual 
cockpit information w i l l  be as precise as the ground controller 's  
inf ormati on. 
The 1O:l discrepancy between surveillance and navigation 
w i l l  thus be eliminated with a new LF-VLF system of rec t i l inear  
type coordinates. Equally accurate systems for pilots as well as 
controllers w i l l  bring into being a vastly improved relationship 
between p i lo t s  and controllers. Such steps can optimize the ldTC 
system by allowing improved ATC concepts such as broadcast control 
functions t o  be under the p i l o t ' s  control. Effectively, we must 
now cater more t o  the pilot during the "70 ' s  t o  develop f o r  him 
means tha t  w i l l  allow his r ightful  and usefLl place in the ATC 
system. This i s  not t o  favor pilots but t o  achieve greater ATC 
capacity. Without at  least  the "basics" of precise coordinates 
in the cockpit equal t o  or better than surveillance accuracies, 
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there is no hope for re-establishing the best balance between 
the   p i lo t  and controller f o r  solving dense ATC problems. 
Thus, we have developed the concept that  both pilot  and 
controller now have equally good Fnformation on the  position of 
the  a i rc raf t  tha t  a re  ac t ive  in  an ATC environment, It also means 
that the coordinates of the A!TC surveillance, computers, displays, 
etc., can now be "locked'' more precisely t o  the "broadcast" con- 
t r o l  coordinates that the   p i lo t  w i l l  use f o r  track following, f o r  
track velocity control, and f o r  checking spacing with "fore and 
aft" a i r c ra f t  o n  a common track. These advantages of improved 
track and spacing control using pilot's data need emphasis, since 
today  the VORTAC coordinates are randomly located and poorly inte- 
grated in   pa i r s  and in f ac t  change with the altitude of the using 
a i rc raf t  because of s lant  range DME errors. In effect, with SSR 
and VORTAC we have two  p o l a r  systems; one f o r  navigation using 
many randomly spaced and oriented VOR s ta t ions w i t h  re la t ively 
poor  accuracy, and the second with many rotating, narrow beams, 
also generating polar coordinate data but randomly spaced and 
oriented. 
By a t   l e a s t  removing one of the variable polar coordi- 
nate sys terns (the VORTAC), we can now tolerate  the la t ter .  A l s o  
the  la t te r  (SSR) is preferred f o r  retention as a polar ATG system 
f o r  m a n y  operational reasom such as overlapped coverage for 
redundancy, etc. Now with but one randomly located multiple- 
polar coordinate system joined w i t h  a rectilinear type systea, 
the two coordinates can be pulled together since the  average granu- 
l a r i t y  i n  each is  about the same--about % t o  j4 square mile. The 
overall A!PC system can then be operated so that surveillance and 
navigation have equivalent resolution, accaracy, flexibility, 
and thus a harmonious relationship since each can be made t o  
fully serve i t s  user. 
The p i lo t  can now use cross-track velocity of the LF- 
VLF system f o r  tighter control of  the center of h is  ATC track and 
improve on the use o f  the airspace. FAA document AC 90-45 describes 
the application of VORTAC t o  computing of tracks (other than 
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radials  t o  the VOR), and it clearly shows the enormous amount 
of airspace  that w i l l  still be unusable, even with Area-Nav, 
because of the VORTAC system errors, For a few short years of 
increased ATC loads this may not be of great si@;nificance, but 
it w i l l  i n  time accelerate in seriousness. With good, l inear  
cross-track rate information it is possible for the   p i lo t  t o  pro- 
gram and fo l low a curved path and sustain the accuracy of the 
desired curved path. Climbing, noise abatement departures with 
turns away  fgom communities is an important example of this use, 
When this i s  done with poor accuracy, large "buffers" of airspace 
must surround the track, denying that airspace t o  others and 
consequently reducing ATC system capacity, 
J, LONGIT(JDINAL TRACK SPEED 
Another significant measurement t o  the future of  ATC 
expansion is  longitudinal track velocity. This airborne measure- 
ment i s  i n  many respects equivalent t o  ground speed but should 
be visualized as track speed relat ive t o  center of track, be it 
straight or curved for  ATC purposes. If the granularity of posi- 
tional information is high and uniform, then the track velocity 
can be measured anywhere on the track. Constant, known accuracies 
familiar t o  both  pilots and controllers with minimum smoothing 
track time can provide good speed data. I f ,  f o r  example, 3% 
track speed i s  wanted, then a track about 30 times the dimension 
of  track error (along i ts  axis) w i l l  suffice. 
For example, this 3% di f fe ren t ia l  measurement with an 
IiMs of 1,000 feet requires a track length of 30,000 feet .  If an 
RMS different ia l  error  i s  200 feet the track length is 6,000 fee t ,  
o r  a mile. In other words, track speed can be estimated by tra- 
versing the resolution elements of t h e  coordinate system upon 
which the track is based. In the case of speed, it is  the diffe- 
ren t ia l  ( tha t  is ,  the change in  the  number  of elements) and not 
the absolute accuracy that i s  of consequence. For example, the 
absolute positioning error m a y  be .1,000 fee t ,  but the change of 
position (positional differences from one end of a 1-mile track 
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t o  the other end  of the track) i s  but, say, 200 feet .  This is 
effectively taking the rate of change of  position t o  accomplish 
this .  Smoothing over various track lengths provides various 
accuracies. The longer the smoothing distance, the greater the 
average accuracy, but the more sluggish the rate signal appears. 
Thus, high differential  accuracies that a r e  uniform over very 
l a r g e  geographical areas a r e  of great benefit t o  ATC and pi lots .  
One feature of a long baseline system i s  that ,  though 
fixed absolute errors are of a given magnitude, they do not 
suffer with short path e r r o r s  o r  localized e r r o r s ,  such as "scal- 
loping, 'I "beam bends, etc., *pica1 of VHFflORTAC tha t  can add 
unpredictable differential errors t o  short tracks used for estab- 
lisbing rate information. Rate smoothing over long track lengths, 
say 10 miles, is of l i t t l e  value t o  the  p i lo t  or t o  ATC since it 
takes t o o  long t o  "read" a new track speed. Probably 1 t o  2 mi le  
track lengths requiring about 45 seconds of smoothing w i l l  pro- 
vide suitable data on track rate. Thus, the rate information of 
VLF-LF tracks of a given length should be superior t o  typical 
VORTAC tracks of the same length by a t   l e a s t  10 times--a most 
important matter t o  ATC. 
Any past experience t o  use t h i s  important ATC t o o l  of 
track rate based o n  VORTAC can be poor since the fl ight track 
may be measured longitudinally by the angular system (at tangent 
points, say -3" a t  30 miles the uncertainty may be 3 miles) s o  
that the w o r s t  of VORTAC errors and track rates i s  often pre- 
sented t o  ATC and the pi lot  (see Figure22). Wide geometrical 
variations of VOR r a t e  can be high and unpredictable. Varying 
VOR e r r o r  along the (computed-of f s e t  by 30 miles) track gives 
wide changes in apparent track velocity. The long baselines of 
I;F and vI;F hyperbolae on a sphere tend t o  have paral le l   s t ra ight  
LOP'S fo r  100 t o  200 miles. Differential errors ,in LOP'S are 
small, even over 200 miles or so.  They can be s o  great i n  VORTAC 
(over 200 miles) as t o  involve two separate TOR stations with 
misalignments of + 3 O  and - 3 O ,  both figures falling within VORTAC 
performance specifications (FAA report RD 65-98, "VOR System 
Accuracy"). 
3. 
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K. PILOT USAGE OF T R A C K - S P e  I R O W T I O N  .@?C 
The p i l o t  can now es t ab l i sh  his (LF-VTiE’) track speed 
(velocity) using only on-board in te rpre ta t ion  of  r a t e  of posi- 
t i o n  change over a short  t rack,  and he can control his t rack  
ra te  c lose ly  s o  t h a t  i f  a nominal track speed is  advised by ATC, 
a l l   a i r c r a f t  on the t rack effect ively measure the track speed 
f rom the  same source. T h i s  new t o o l  f o r  control in ATC d i f f e r s  
f rom the  p i lo t ’ s  use  of airspeed, which i s  usually inadequate 
because o f  unknown winds, changes of  heading, and d i f fe ren t  
airspeed systems i n  d i f f e r e n t  a i r c r a f t .  Track ra te  us ing  LF-VU! 
should also be superior t o  other velocity measurement means, 
such as Doppler-Navigation radars that sui’fer f rom high costs,  
independent measurements made over poor ref lect ive surfaces  that  
give varying rad= returns, and varying track (ground speed) 
accuracies. The cost of measuring LF-VLF r a t e  is low and the  
measureinent i s  an in tegra l  par t  of  the airborne receiver.  In 
essence, a l l   t r a f f i c  and a l l   p i l o t s  on  a common track then measure 
track speed using the same  common s e t  of contiguous track signals. 
This feature alone w i l l  allow p i l o t s  t o  partic-ipate more f u l l y  
in ATC and be more representative since they can see on a cock- 
p i t  instrument how well they are maintaining the track velocity 
requested from ATC. 
By some simple means of air-to-air  data exchange (recep- 
t ion only) two pilots  fol lowing the same t r a c k  i n  LF-VLF (long 
baseline,  recti l inear type coordinates) can station t h e i r  r e l a t i v e  
positions  (spacing)  according t o  these  signals.  Since  continuous 
switching between stations i s  avoided (as in  VOR), long tracks 
and always the same basic coordinates a r e  used i n  each aircraf t .  
By using a simple ro l l - ca l l  of  LOP posit ions along a t rack (air-  
w a y ) ,  each aircraft receives the response of the other  a i rcraf t .  
Since the rol l -cal l  is based on time proportional t o  LOP, a 
continuous scan i s  provided. A rol l -cal l  per iod of  only a few 
seconds w i l l  allow tone bursts of  a few milliseconds t o  define 
a track, say, 100 miles long t o  a 0.1-mile accuracy.  This i s  t o  
say, a g iven  a i r c ra f t  p i lo t  can establ ish the fact  that  another  
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a i rc raf t  i s  ahead of him, on his track, spaced say 5 miles o r  
4.9 miles; and one behind h i m  is  spaced 4.7 or 4.8 miles. This 
roll-call coordinate reporting information using a VHF channel 
can then be supplied  the  pilot   in a simple display showing rela- 
t ive posit ions and spacings on the common track. 
If the positions tend t o  close so that  the gap between 
consecutive aircraft is shif ted unduly, it becomes apparent t o  
a l l  the pilots involved. The rate information commanded by ATC 
as a common track speed f o r   a l l   a i r c r a f t  i s  used i n  turn t o  
re-establish the spacing. If, f o r  example, a given aircraft i s  
not spaced a t  a nominal 5 miles but is spaced 4 mi l e s  from the 
"fore" aircraft and 6 mi l e s  f rom the "aft" a i rc raf t ,  a s l ight  
reduction in speed w i l l  re-establish the desired 5 miles. The 
track speed i s  i n  terms of the  differential track coordinates, 
and the track spacing i s  i n  terms of the differential track coor- 
dinates, s o  tha t  a l l  ad jacent  a i rc raf t  u t i l i ze  the  same informa- 
t ion base f o r  spacing. The ground monitoring o f  the LOP roll- 
ca l l s  a l s o  uses  this  common information base. Figurt 23 i l lus -  
trates the displays and p i l o t  par t ic ipa t ion   in   th i s  concept. 
L. IMPACT OF NEnl ATC COORDINATES FOR BROADCAST CONTROL 
What we have postulated above is  quite revolutionary 
i n  the  area of a i r  t r a f f i c  con t ro l  concepts. Today the  ATC infor- 
mation flowing between ground and a i r  and the related need f o r  so 
many controllers is prernised pa r t i a l ly  on the  fact   that   the   pi lot  
does not hme track rate, high quality tracks, nor spacing infor- 
mation, n o r  i s  it planned t o  give it t o  him.  Some have proposed 
giving similar information t o  the  pi lot   v ia  a data link on the 
SSR 103O"Hz channel used as an "up-link." This violates o u r  
intent here that we want t o  reduce the load on the ground compu- 
ta t ion and human surveillance and provide more pilot-oriented 
information. The SSR ground computation of t h i s  r a t e  information 
and discrete commands t o  each a i rc raf t  w i l l  require e ~ o r m u u s  
extra costs and burdens on the ground system, The SSR is  heavily 
loaded now and serves a complementary surveillance function, but 
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it would be a poor "close-control" means f o r  many reasons. The 
use of a superior navigation system suited t o  A!TC "broadcast" 
concepts w i l l  avoid this overdependence on  SSR. 
Again it is due mostly t o  the 1O:l discrepamy between 
SSR and VORTAC accuracies that leads the ground-oriented system 
designer t o  p refer  da ta  l ink  cont ro l  of the aircraft--something 
t h a t  w i l l  f u r the r  remove t h e   p i l o t  from his essent ia l  place i n  
the ATC control loop. Since pilots have l i t t l e  v o i c e  i n  ATC 
operation and planning, and electronic engineers predominate 
with leanings toward more ground electronics and conputers, the 
p i l o t ' s  view of ATC is not  emphasized. 
It is  not the intent here t o  design a new "strategic"  
or "broadcast" type control system except t o  substant ia te  the 
fact  that  technology that i s  already well proven can quickly be 
applied t o  providing such a system. It does mean, however, an 
overhaul of the basic posit ioning system that has beex used f o r  
30 years1 however, VORTAC should not be eliminated, but it could 
serve in considerably fewer numbers as  a backup system.  This 
new concept can be exploited by developing more economical a i r -  
borne electronics and displays and by giving pilot-oriented con- 
cepts much  more credence; something t h a t  e n t a i l s  many p o l i t i c a l  
problems. 
Portunately, most of  the new  Area-Nav computers of the 
a i r l i n e s  w i l l  accept long baseline inputs as w e l l  as  VORTAC's 
multiple, polar-coordinate inputs, s o  tha t  o n l y  the  a i rc raf t  s 
navigatioli receiver need  be changed. I n  f a c t ,  from a computation 
view i n  t h e  air the contiguous wide area, oblique-parallel or 
rect i l inear  type (LF-VU) coordinates are far superior t o  inter-  
mittent small area polar coordinates which require slant range 
corrections. Not  o d y  is computation simpler, faster, and geo- 
metrically more su i t ed  t o  ATC, but the inputs are about 10 times 
more accurate. No colnputer can compute for i ts  output anything 
of bet ter  qual i ty  than i t s  inputs. The modern, high accuracy, 
d i g i t a l  computer i s  hardly warranted with VO3TAC because of  ser i -  
ous input l imitations;  yet ,  it would be put t o  good use with the 
precision of t h e  wide baseline VLF and LF systems. 
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Certainly mixing of heading and a i r c r a f t   a t t i t u d e  i n  
the  p i lo t  d i sp lays  w i l l  be  essent ia l ;  however, this is  an o l d  
and well known prac t ice  not  reviewed here. What is lacking in 
ATC i s  a new, more solid foundation t o  bui ld ,  one which is more 
l i ke ly  t o  be obtained with long baseline LF/vI;F systems than 
w i t h  VORTAC. 
It is not possible t o  predict  the detai led outcome  of 
a successful changeover t o  t he  new coordinate system and broad- 
cast control herein suggested, but it i s  possible that the growth 
projections f o r  ground ATC personnel could be reduced by a s igni f i -  
cant  f ract ion by sh i f t i ng  many of the ATC functions i n t o  the cock- 
pi t .  Since payrol ls  seem t o  increase forever, even a saving of 
10% of the predicted number of control lers  and maintenance staff 
needed with VORTAC and close control ATC concepts would mean a 
saving of thousands of additional FAA employees. Only 10 LF or 
VLF s ta t ions  would be needed t o  replace the over 1,000 VORTAC 
s ta t ions.  
The future  costs  of VORTAC and i t s  modernization, 
req-hiring both new ground s ta t ions  and new receivers t o  obtain 
improved VOR data using PVOR, is a major national cost  since 
ultimately hundreds of thousands of new receivers lnay be required. 
Even after costly modernization, most  o f  VORTAC's constraints on 
the  en t i r e  ATC process remains for the many reasons cited pre- 
viously, such as poor  geometrics, lack of contiguity, and angular 
divergence. Research on VORTAC's replacement should be greatly 
accelerated now as the savings could be far greater than has 
been suggested. The cost  of about 20 b i l l ion  dol la rs  per  decade 
f o r  only the FAA pa r t  of running the ATC system must be reduced 
as  ATC may well "price i tself  out of business" by the  end of the 
decade. Personnel costs w i l l  be about 1 t o  4 b i l l i on  do l l a r s  
per year out of a 2 b i l l i o n  d o l l a r  FAA t o t a l  during the '75 t o  
'80 period,or 70% o f  t he  to t a l .  
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It is obvious t h a t  improved p i lo t   pa r t i c ipa t ion  in  
specific functions is one of the most important areas i n  increas- 
ing the capacity of t he  M C  system and f o r  reducing w h a t  m a y  be 
prohibit ive costs f o r  A.TC services. It can and should be fully 
researched. Specific pilot  participation is a l so  very obviously 
an "air-oriented" coacept rather than a "ground-oriented" concept. 
We wish t o  r e s t a t e  he re  that it is the optimum balance of these 
two "orientations" that makes f o r  success i n  A!I'C, and that the 
imbalance that now exists favors the ground-oriented views. 
Many p lans  a re  bu i l t  around this concept of ATC, and mos t  indus- 
t ry  plans are  directed at increasing th i s  imbalance (such as the 
ATCAC report  on the complex da ta  l ink  t o  t he  p i lo t  commanding 
h i m  what t o  do ins tan t  by ins tan t ) .  P i lo t s  and aeronautical 
(air-oriented) system planners must exgloit the "broadcast" con- 
cepts of  ATC for specific objectives,  such as common-track spac- 
ing, that are  bet ter  sui ted t o  cockpit control as i s  shown i n  
Figure 24. 
Since the FAA operates and maintains a l l  ground f a c i l i -  
t i e s  and  no use r  a i r c ra f t ,  it i s  predominantly oriented toward  
the pound solutions,  and i t s  budge%, personnel and recent pro- 
gress reports and pro jec t ions  a t tes t  t o  this.  The ATCAC report  
prepared by many FAA part ic ipants  fur ther  emphasizes this ground- 
oriented ATC view. 
The p i l o t  and the air-oriented concepts do not have 
champions who are  in  equal ly  sui table  posi t ions f o r  exploit ing 
the broadcast-cockpit concepts and tes t ing  the i r  mer i t s  f o r  
inproving ATC capacity and reducing costs. Furthermore, the 
safety of U C  should be great ly  enhanced by these air-oriented 
concepts, since the air-to-air pilot usage of  spacing and t rack 
speed data adds the pilot  t o  the  ATC control loop. He i s  best  
suited t o  direct  spacing coatrol between o ther  a i rc raf t ,  and 
then a co l l i s ion  avoidance  system is  not required as such. Per- 
haps a prox.imity alerting signal i s  required using SSR a s  a 
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redundant signal beyond the vI;F-I;F coordinate a d  ro l l - ca l l  systems 
t o  provide this extra  pi lot  assurance. ,  
We must now determine how t h i s  concept i s  best evaluated 
and exploited. Since it involves  the aircraf t  direct ly ,  as well 
as the  p i lo t  and h i s  new displays,  the "air1' concepts must coor- 
dinate the ATC functions of p i l o t  and aircraf t .  This  pi lot-  
broadcast control concept of ATC is  an in tegra l  par t  of  the  mean- 
ing of aeronautics. It i s  essent ia l  that those agencies i n  the 
government sk i l l ed  in the predominantly aeronautical solution and 
skil led  in  pilot-oriented  disciplines  should be  deeply  involved . 
i n  t h e  air  concept  development, T h i s  s trongly suggests that  NASA 
be encouraged t o  exploit  this new ATC concept fram the air-oriented 
view. NASA's  h i s tory  and resources closely match the needs f o r  
exgloiting this new concept of ATC, where the  f l i gh t  dynamics, 
aeronautics, and p i lo t ' s  func t ions  a re  far more favored than at 
present. Considerable research i s  needed as well  as val idat ion 
tes t ing ,  siml-llation, etc. ,  of the  ideas  for  this new "broadcast" 
or "strategic" concept of  ATC. 
However, t h e  R & D c o s t s   f o r   t h i s  concept w i l l  be only 
a small  fraction o f  the potential  savings i n  manpower and hundreds 
of ground fac i l i t i es .  S ince  we are  ta lking about  bi l l ions in  
potential  savings over the aoming two decades, it i s  warranted 
that  nat ional  elnphasis be placed on this concept by an agency 
tha t  i s  naturally aeronautically oriented, such as NASA. A n  
early indication of  i t s  potential  can be r ea l i zed  in  a year o r  
s o  w i t h  an intensive air-oriented pilot ,  display,  and f l i g h t  con- 
t r o l  program using already existing signals of Omega and Loran-C. 
If the concepts are clearly proven, the implementation of some 
I3-m coordinate systems superior t o  both Omega and Loran-C 
can be readily e.ngineered w i t h  the   vast  knowledge now available 
i n  this field.  Similarly,  the volumetric microwave guidance 
system can provide close-in precision for pilots   using  these 
coordinates f o r  multiple-runway je tports .  
It is  likely that the expansion of "close-control" ATC I 
concepts must be abandoned i n  time, and balanced w i t h  expanded 
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broadcast control. Since the failure t o  gain additional capacity 
by overdependence on "close-oontrol" cannot be exactly predicted 
and i s  somewhat in  the future  (as a r e  the enormous expenditures 
f o r  thoasands of ground control lers  and more VORTAC f a c i l i t i e s ) ,  
it is  not easy t o  convince responsible authorities t o  plan X & D 
on an urgent basis f o r  these pilot-oriented "broadcast-control" 
concepts. The general  aviation user w i l l  a l s o  benefit from this 
plan, and we w i l l  discuss these aspects separately so  as not t o  
confuse the sophis t icated air l ine and mil i tary pi lot ing and ATC 
problems ( i n  dense terminal areas) w i t h  those of general aviation. 
The coverage of the nation w i t h  a uniform grid of guidance data 
at all elevations (including r u n w a y  surfaces) w i l l  allow disper- 
sion of  genera l  av ia t ion  t ra f f ic  and airports .  VSTOL a i rpor t s  
away f rom the congested areas w i l l  also gain considerably. A t  
present, the only locat ions that  have f'ull a l t i t ude  coverage 
and/or accuracy using VORTAC are the congested areas. Airport 
and VSTOL dispersion cannot take place unless ATC f a c i l i t i e s   a r e  
provided. 
By providing the cockpit guidance accuracy, track spac- 
ing and t rack speed control capabilities that are complementary 
t o  those of the ground SSR computers and controller displays,  a 
true balance i s  effected between the only two persons who are of  
any consequence i n  ATC: t he  p i lo t  and the controller.  No manner 
of regulatory procedces w i l l  improve a relationship that has not 
been supported by good e l e c t r o n i c  f a c i l i t i e s  f o r  ATC. The p i l o t  
with new electronics w i l l  then be as valuable t o  A T C ' s  future  
growth and capacity as the controller,  yet  each w i l l  se rve  in  
h i s  own r igh t ,  and engineering w i l l  provide the wherewithal t o  
carry out their  legal responsiloil i t ies.  
The aeronautics,  displays,  pilot  testing, simulation, 
and the ent i re  interface of a l l  the airborne units t h a t  go t o  make 
broadcast control an ATC success need a centrally directed research 
and development e f fo r t  that i s  s - t roxly  aeronaatical o r  air- 
oriented. The inab i l i t y  t o  real ize  nat ional  ATC improvements 
because the sponsors o r  developers are essentially ground-oriented 
i n  t h e i r  ATC concepts must  be  overcome. This suggests a pr ior i ty  
assignment t o  NASA's major research centers, such as Langley or  
Ames, t o  undertake this v i ta l  research in cooperation with the 
electronics effort of DOT'S Research Center. 
Table I V  summarizes m a n y  points covered in  this section 
and previous sections. 
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TABLE I V  
CO-XPARISON OF SYSTEM  CHARACTERISTICS 
OF VORTAC AND LF/VI;F 
SYSTEM 
CHARACTERISTIC 
T m C K  SPEED 
MBSUFS3M€GNTS 
AIRWAYS USING 
MULTIPLE 
STATIONS 
LOXG TRACKS  USED 
I N  ATC SCKEDULING 
VORTAC ( A r e a - N a v )  
ATC TRACK 
VARIABLE AND LclW 
POTENTIAL FOR 
MISALIGJYMENT  DUE 
TO DIFFERJ3NT ERRORS 
I N  SUITCHING 
STATIONS 
VARIABLE GmMETFUCS 
VARIABLE ERRORS 
STATION  TO  STATION 
EXRORS 
FORCE ATC TO ASSUME 
WORST ERRORS I N  
USING TRACE RATE 
L F / V L F  (Wide A r e a - N a v )  
ATC  TRACK 
UNIFORM AND EtIGH 
CONTIGUOUS C OVEBAGE 
AVOIDS  THTS SERIOTJS 
ERROR AS ONE  THOUSAND 
MILE BASELINE STATIONS 
(4 of them) E?OTTIDE 
COVERAGE OF HONDREDS 
OF VORTACS 
CONSISTENI1 ERRORS AND 
CONTIGUOUS COVERAGE 
ALLOWS LONG TRACKS WITH 
GOOD RATE CONTROL I N  
EZACH AIRCRAFT .FOR HIGH 
TRIIFFIC FLOW AND CAPACITY 
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SYSTEM 
CHARACTERISTIC 
NCJMBER OF STATIONS 
FOR CONTIGUOUS 
U.S. (to low height: 
GEOMETRIC SHAPE 
AND S I Z E  OF 
ERRORS 
ORIENTATION  OF 
ERROR GEO-NETRICS 
WITH  ATC  FLIGHT 
TRACK GEOMETRICS 
P O S I T I O N I N G  
ACCURACY FOR 
ATC TRACK 
CONTROL 
VORTAG ( A r e a - N a v )  
BElwEEN 
1,000 to 2,000 
Ami I mi 
4 Square Miles 
a t  40 m i l e s  
HIGHLY VARIABLE 
(X and Y )  
ALONG  TRACK ERRORS 
DEPENDS ON VORTAC 
LOCATION RELATlf% 
PO (1) AIRCRCIFT AND 
(2) TRACK DESTINATION 
TARIES FROM GOOD TO 
TERP POOR 
LF/VLF (Wide Are a -Nav)  
IXSS T W  10 
1/2 112 or V4x. 1/4 mi. 
1/16 t o  1/4 square m i l e  
a t  40 o r  m o r e  miles 
CONSTANT ALONG 
TRACK  ERRORS 
C O N S I S T m L Y  GOOD AND 
IDEPENDE3iT OF LOCATION 
OF AIRCRAFT AND 
DESTINATION 
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SYSTEM 
CHARACTERISTICS 
~ ~~ ~~~ 
NATUEE OF TO!UL 
NATES USED FOR 
ATC AJCD GUIDANCE 
NATIONAL COORDI- 
THREE-DIMENSIONAL 
COVERAGE 
QUALITY CONTROL 
COMPARISON TO 
ATZ SDRVEILLANCE 
USE I N  "BROAD- 
CAST" OR "STRATE- 
G I C  ATC CONCEPTS 
VORTAC (Area-Nav) 
Over a thousand randomly 
spaced and oriented, polar 
coordinate diagrams, n o t  
organized on a national 
coordinate plan, with vari- 
able quali ty service,  re- 
quiring complex coordinate 
transmission and process- 
ing for  dual  s ta t ion use 
Poor o r  unusable coverage 
a t  low a l t i t udes  f o r  l e t -  
downs t o  thousands of 
remote fields.   Inadequate 
i n  mountains, valleys, due 
t o  multipath transmissions 
o r  l i n e  of s ight  
Must inspect contimously 
over 1,000 s ta t ions  as  
loca l  re f lec t ions  and 
individual stations can 
have f l i gh t  e r ro r s ,  even 
with monitoring of each 
s ta t ion.  A very  costly,  
quality control system 
~ 
SSR ATC ground surveil- 
lance i s  about ten t imes 
be t te r ,  forc ing  more 
groxnd-coxtrolled con- 
cepts o f  ATC and l imit ing 
p i l o t   p a r t i c i p a t i o n   i n  
ATC 
Uncontrolled errors and 
geometrics vary along 
track  preventing broad- 
cast  use. 1O:l lower  eso- 
l u t ion  than ground sur- 
vei l lance system which 
w i l l  monitor broadcast 
LF/vI;F (Wide  Area-Nav) 
A uniform, contiguous 
coordinate grid on a 
national basis with 
uniformly good service 
. . . ~. 
Coverage t o  and on the  
surf ace i n  a l l  types 
of t e r r a i n  
M i n i m u m  f li ght  insp e c- 
t i o n  and ground moni- 
tor ing correlate  
be t t e r  due t o  propaga- 
t i o n  character is t ics .  
T o t a l  quali ty control 
and assurance i s  much 
simpler at much lower 
costs  
Granularity and accu- 
racy matches those of 
the SSR system (about 
% t o  % square mile 
each), permitting in- 
creased  pi lot   par t ic i -  
pation and responsi- 
b i l i t y   i n  ATC 
Appears idea l ly  su i ted  
as accuracy and contig- 
u.ity of coordinates 
allow on-board t rack 
speed and spacing meas- 
urements, both v i t a l  
t o  broadcast ATC con- 
cepts 
~~ . .  
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AIR-TO-AIR TRACK 
SPACING I N  BROAD- 
CAST CONTROL 
SUITABILITY TO 
"SLANIC OR 
"SLOPING" 
AIRWAYS 
COST TO  NATION 
PER DECADE 
SIGNIFICANT 
PROBLEM AREAS 
STATION COORDI- 
NATES FOR ATC 
- ~ .~~ " . 
VOR'PBC (Area-Nav) 
. " 
Coordinates unsatisfactory 
f o r  close spacing between 
a i rc raf t  on a common ATC 
track since ATC must as- 
sume "worst-case" accura- 
c ies  for  spacing 
Poor since positional 
error creates vertical  
errors;  must a l s o  be 
"slant-range" corrected 
- 
~~~ ~ _____". . 
High, requires major 
changes i n  hundreds of VOR 
and DME's f o r  fu ture   a i r  
t raff ic   loads with large 
maintenance and monitoring 
costs persisting. Over 
100 000 a i rc raf t   un i t s  
w i d  be replaced 
OChannelize t o  50 kBz 
"Add new W O R  s i m a l  s and 
OChange most  airborne re- 
OSome re-siting 
albormous maintenance and 
quality control 
O M a n y  more stations t o  ob- 
t a in  low al t i tude coveragc 
ODME channels limited 
OLimited technology base 
OStation elevation 
OStation coordinates i n  
"lat-long" as well as 
station  identity must 
be transmitted on each 
station (not now trans- 
mitted) 
ODifferential,  dual-statio1 
coordinates must be com- 
puted i n   a i r  
stations 
ceivers 
___ 
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LF/" (Wide  Area-Nav) 
Coordinates allow 
several simple methods 
of air-to-air (cockpit) 
information for direct 
track  spacing  in broad- 
cast control 
Good since contiguity 
accuracy and error  
"geometries" add l i t t l e  
ver t ical  error ;  no need 
for slant  range correc- 
ti ons 
Much lower (possibly 
% o r  % of VORTAC) with 
savings over a decade 
or two of u t i l i za t ion  
in  b i l l ions  of dollars 
OEffects of atmospher- 
f c  and other elec- 
tr ical  interference 
i s  used 
ODiurnal change i f  VLF 
OBig stations 
One comon s e t  o f  coor- 
dinates with continuous 
cover of hundreds of 
separately  referenced 
VORTAC ' s 
L 
SYSTEM 
CHARACTERISTICS 
SECTORIZATION 
OF ATC 
NUMBER OF CON- 
TROLIJ3RS FOR 
GIVEN NATIONAL 
ATC CAPACITY 
l?OT'TENTIAL FOR 
TION I N  ATC 
PILOT  PARTICIPA- 
VORTAC (Area-Nav) 
More and smaller  sectors  
needed since surveillance 
takes  on p a r t  of t r ack  
guidance and spacing 
funct ions 
More 
Less 
LF/VLE' (Wide  Area-Nav) 
Fewer and l a r g e r  sec- 
t o r s ;  geometrically 
more sa t i s f ac to ry  
sec tor iza t ion  s ince  
l.Area track guidance, 
2.Track  speed, and 
3 .  Spacing  information 
a r e  i n  c o c k p i t  
Fewer 
More 
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V I .  NASA UNIVERSITP PROGRAM I N  AIR TWFIC TECHNOLOGY 
A. INTRODUCTION 
Several  recently completed s tudies  and repor t s  re la t ing  
t o  the nation's aeronautics and air t r a f f i c  c o n t r o l  problems 
have indicated that  major  s teps  must be taken in  a few short  
years  i f  aviation is  t o  continue t o  play the major role expected 
o f  it in  the  na t ion ' s  economy and t ransportat ion system. Civ i l  
aviation growth i s  threatened by frequent saturation o f  the cur- 
ren t  ATC systems, lack of adequate,  scientifically designed air-  
ports ,  and by i t s  increasingly poor relations with the surround- 
ing coamunity. The several  reports by the (1) National Academy 
of Engineering, (2) the ATA (ATC report  of July 1969),, ( 3 )  the  
Alexander Committee (DOT) report  of February 1970, and such 
reports on congressional hearings as (4) "Aviat ion Faci l i t ies  
Maintenance and Development, September 1969, and (5) !'Aeronaut- 
i c a l  Research," December 1969, emphasize the  need for major 
improvements in ATC systems and the complexitg of  the undertaking. 
We are formulating through these committees and s tudies  
a nat ional  progran in  aeronaut ics  that ,  though bas i ca l ly  c iv i l  
i n  nature, has DOD overtones since a "common" system is  more in 
the  na t iona l  in te res t  wherever practical  than separated or non- 
cooperat ive civi l  and mi l i ta ry  systems. Advances in  aeronaut ics  
become  more and more re la ted  t o  radio navigat ion,  a i r  t raff ic  
control, airport design and surface control, and improvements i n  
the relat ionship of aeronautics and the community--be it noise, 
economy o r  safety. Recent major commitments t o  a vast  new f l e e t  
of jumbo j e t s  has effect ively dictated that  these problems be 
solved. 
B. AIR TRAFFIC CONTROL 
R & D ac t iv i t ies  resu l t ing  in  to ta l  expendi tures  from 
5 t o  10 b i l l ion  dol la rs  dur ing  the  decade of the  7 0 ' s  is ty-pical 
of cost estimates. The civi l  port ion alone may r e s u l t  in an 
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FAA staff of over 80,000 persons by the  end of t h e  decade. Of 
this t o t a l  it i s  estimated that some 43,000 persons w i l l  be air  
t r a f f i c  con t ro l l e r s .  B i l l i o n s  w i l l  be added t o  t h e  e e s t i n g  
high airport investments in an e f fo r t  t o  provide suitable air- 
port capacity. The so lu t ions  t o  a i rpo r t  problems are  far from 
simple civi l  engineer ing matters ,  with t raff ic  capaci ty  detemined 
more by the  r e su l t s  of operations research, t a x i w a y  design, paral- 
l e l  runway spacings, and extensive electronic aids (detection- 
loops, ASDE, computers, pi lot   s ignal l ing,   e tc . ) .   Aircraf t   ins t ru-  
ments f o r  Area-Nav, collision avoidance, altitude reporting, data 
link and axtomatic  f l ight  control  are  an additional major multi- 
b i l l i o n  d o l l a r  market during the ' 7 0 ' s .  New f l igh t  cont ro l  COIL- 
cepts and pilot  displays are essential  f o r  curved f l i g h t  and low- 
v i s ib i l i ty  landing .  
Thus, whether the national.  invesbent i s  in   cockpi t  
instruments,  aircraft ,  people,  airports,  or electronics ,  the 
" to t a l "  system i s  s o  i n t e r r e l a t ed  tha t  a basical ly  new " t o t a l -  
system" approach must be taken. This i s  perhaps the most sophis- 
t icated type of engineering and scient i f ic  inquirg,  s ince it 
involves high level technology, economics, legal,  regulatory,  
and other aspects n o t  usually contained in t he  background of 
system  engineers . 
The quest ion natural ly  ar ises  as t o  where all the 
needed professionals w i l l  be t ra ined t o  research, design, manu- 
facture  and execute th i s  massive new nat ional  program. L i t t l e  
i n  t h e  w a y  of organized educatiua prograns at the Bachelor, 
Master, and PhD l eve ls  ex is t s  in  the  Uni ted  S ta tes  a t  this time 
t h a t  i s  commensurate with this forthcoming demand f o r  t ra iced  
technological professionals. Furthermore, there are m a n y  well 
educated personnel in government agencies that w i l l  be required 
t o  carry out the R & D and implementation of this  national plan; 
this  w i l l  require extensive re-training in these new sophisticated 
areas. Many t r a ined  in  the  space sciences, f o r  example, m a y  be 
re- t ra ined in  the a i r  t raff ic  sciences as  increased responsibi l i -  
t i e s   a r e  assumed by the various agencies and indus t r i e s  i n  this 
nat ional  effor t .  
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Modern A!2C subjects  are  complex and interdiscipl inary,  
involving m a n y  of the basic sciences (as applied t o  aviation), 
such as electronics, civil engineering, mechanical engineering, 
o2erations research, economics, the l a w ,  aerodynamics, and m a n y  
more, A student desiring t o  become educated in this new and 
a t t rac t ive   a rea  w i l l  be hard pressed t o  f i n d  a univers i ty  that 
can provide the breadth of course material and research oppor- 
t u n i t i e s  needed. Much  new course material and an expansion of 
the teaching staff are required t o  obtain the knowledge the stu- 
dent needs t o  work e f fec t ive ly  in  the  na t iona l  ATC associated 
aeronautics program. 
C. TEE SEZECTION .~ OF UNIVERSITIES FOR THIS STUDY 
Although other  univers i t ies  teach related subjects ,  it 
was determined by the  au thor  tha t  on ly  four  wivexi t ies  a re  a t  
present deeply involved i n  the areas  re la ted t o  a i r   t r a f f i c  guid- 
ance and control. Each of these univers i t ies  has a mall ,  well- 
established research and educational program i n  t h i s  f i e l d .  Taken 
as a whole, with the exception of  cer ta in  areas ,  the four univer- 
s i t i e s  we w i l l  discuss do n o t  overlap i n  ATC in t e re s t s  bu t  a r e  
quite complementary. The cumulative interest  of the four tends 
t o  cover the spectrum we are concerned about in  the national ATC- 
Aeronautics problem area. Fortunately, each of the univers i t ies  
i s  represented by an outstanding professor well-versed i n   t h e  
aspects of ATC-Aeronautics. Each professor i s  not only a t  p re sen t  
involved in  the var ious aspects  of  the national ATC program, but 
i s  a l s o  actively teaching and advising candidates f o r  Bachelor, 
Master, and I)hD level degrees in  these ATC-oriented technical 
areas. 
Admittedly, what one might r e f e r  t o  as the "production" 
of professioaals  in  these areas  i s  now a t  a low annual rate. 
Although not fully estimated f o r  the forthcoming major  national 
N C  undertaking, it is  possible t o  immediately encourage these 
exis t ing programs and t o  increase the number of graduates from 
this  current  bass .  We w i l l  discuss each university 's  program, 
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t he i r  i n t e r r e l a t ionsh ips ,  and the methodology f o r  accelerating 
the supply of these types of graduates. One must ant ic ipate  
this coming demand for  professionals  t ra ined i n  ATC technologies 
as the time involved per student w i l l  vary f r o a  one t o  f i v e  
years, with an average "lead" time of three years being typical. 
D. UNIVERSITIES NOW INVOLVED I N  ATC RESEARCH, TEACHING, AND 
DEGREE GRANTING 
Under the limits o f  this NASA contract (NAEW-1849), it 
i s  impossible t o  reriew the t o t a l  national educatioxal system 
w i t h  respect t o  ATC and Aeronautics. It was possible,  however, 
t o  select  the few repeesentative universit ies who have a proven 
record in producing Bachelor and graduate degree students related 
t o  ATC. Since the nature of ATC technical  act ivi ty  requires  the 
involvement w i t h  many agencies, committees, and professional 
soc ie t ies ,  it was possible t o  ident i fy  the  key professors and 
the universit ies involved. The professors assist ing the author 
are: Professor Horonjeff of the University o f  Cal i forn ia ' s  Ins t i -  
t u t e  of Transportation and Traffic Engineering3 Professor Richard 
McFarland of the Ohio University College of Ebgineering, EE 
Department, and head of Avionics Research; Professor Robert 
Simpson of MIT, Department of Aeronautics and Astronautics and 
Director of  the Plight Transportation Laboratory; and Professor 
Dunstan Graham of Pri-nceton University's Flight Sciences Section 
of  the  Department of Aerospace and Mech.+ical Sciences. 
Each of the  univers i t ies  i s  involved i n  a s l i gh t ly  
d i f fe ren t  way i n  t h e  ATC and Aeronautics program areas, These 
univers i t ies  were considered in t h i s  study because of the diverse, 
yet  complementary, aspect of t h e i r  i n t e r e s t s  and because of t h e i r  
broad experience in educational programs in  the ATC-Aero2autics 
areas. The breadth of i n t e r e s t  t y p i f i e s  t h e  ATC area and i s  of 
greater value than redundant interests.  By conferences at each 
of the  univers i t ies  and a one-day conference a t  Headquarters NASA 
(3/12/70) it was possible t o  ident i fy  the  programs a t  each univer- 
s i t y  and t o  examine them as t o  t he i r  va lue  in  a possible NASA Uni -  
vers i ty  Program i n  ATPC (and related aeronautic-airport subjects). 
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For example, Professor Horonjeff's experience (at the  
University of C a l i f o r n i a )  in  the  a i rpor t  resemch area  inc ludes  
the preparation of several  basic studies using a "fog chaaber" 
t o  t e s t  runway l igh t ing  f o r  CAT I1 landing operations. The 1,090- 
foot-long f ac i l i t y   pe rmi t s  a highly cont ro l led   v i s ib i l i ty   ( fog)  
t o  be created, s o  that a p i l o t  viewing the approach and runway 
lighting systems (as he descends on a 2y0 t rack  i n  a n  a i r c r a f t  
cockpit)  can determine his abil i ty t o  obtain the essential  visual 
cues t o  complete the landing at the "decision height" by purely 
v isua l  means. Since all (but one) landing au tho r i za t ions  include 
this  f inal ,  v isual  phase (even those highly electronic ,  non- 
visual-dependent t o  the decis ion height) ,  the  t ransi t ion t o  v i sua l  
"see-to-land" i s  m o s t  important t o  safety. 
Successful Master and PhD thes i s  .work has been completed 
at  the Universi ty  of California in canneetion with these problems 
and in  technical  areas  re la ted t o  the geometric design and surface 
t ra f f ic  cont ro l  aspec ts  of a i rports .  Several  other  re la tsd pro- 
grams and thes i s  work have been completed on M C  delays related 
t o  interact ions between surface and f i n a l  approach, t r a f f i c ,  
terminal buildings, and designs of je t  a i rports .  Since major 
investments in  t a x i w a y ,  runway, and electronic surface control 
systems are under way tkro-?lghout the  nat ion,  the scient i f ic  approach 
t o  these airport  programs t o  m a x i m u m  safety and t ra f f ic  capac i ty ,  
there is  an increasing demand for  graduates  a t  all levels.  Pro- 
fessor Horonjeff 's  book, Planning and Design of  Airports, i s  
employed sin  teaching  throughout  the  country. 
Professor Simpson' s (MIT) Flight Transportation Labora- 
tory goals are i n  the areas of Flight Vehicle Technology, Airport 
Design and Operations, Flight Transportation Systems Analysis and 
PPanning, Navigation-Guidance and A i r  Traffic Control. The pro- 
grams in  Fl ight  Transportat ion are  a t  the graduate level. Aero- 
naut ical ,  Civil, Mechanical, and Electrical e'ngineers have success- 
fu l ly  par t ic ipa ted  i n  these MIT programs. Both the Masters and 
PhD degrees are awarded based on a prograa chosen by the advisor 
and student and approved by the associated faculty. The Masters 
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program can usually be completed i n  about two years,  and the p h ~  
program usual ly  requires  more than 3% y e a r s  of graduate studies. 
These individually structured programs d r a w  on the 
courses taught a t  the various schools at MIT, such as the school 
of Managemeat, the Operations Research Center, and a t  Hmvmd. 
Professor Simpson, f o r  example, plans to expand the Course mater ia l  
i n  areas such as A i r  Traffic Technology i n  t h e  c0m;ing year. mi- 
cal ly ,  a Doctoral  thesis m a y  include basic theory of ATC concepts, 
such as a recent one en t i t l ed ,  "An Analytical  Investigation of A i r  
Traf f ic  in  the  Vic in i ty  of Terminal  Areas, December 1969, In 
t h i s  PhD t hes i s  an analysis i s  made of the effects  of a i r c ra f t  
spacing, velocity, runway assignment, etc., using various modeliw 
techniques related t o  a i rpor t  and airspace capacity. Flight research 
work i s  accomplished a t  MIT using aircraf t  based at  Hanscom Field,  
wind tunnels, and computer f a c i l i t i e s .  
Professor McFarland (Ohio University) has established 
courses that are taught at graduate and undergraduate levels rela- 
t i v e  t o  e l ec t ro l i c s  and radio associated with aviation. This 
technology i s  of ten referred t o  as "avionics." I n  addition, a 
large group of about 20 professors, associaee professors, and gradu- 
ate students are involved in  research work i n  such areas as VHF/UKF 
landing  fac i l i t i es ,  inves t iga t ions  of VOR errors ,  a i rcraf t  anten-  
nas, VLF systems f o r  l i g h t  a i l c r a f t ,  and means f o r  improving the 
monitoring of  the IIS szstem. Flight research work i s  often done 
using the University 's  DC-3 Flying-Laboratory o r  i n  smaller air- 
craft. Thlx, laboratory work and f l igh t  tes t s  a re  assoc ia ted  wi th  
the  univers i ty ' s  program i n  Avionics, The support  for this gradu- 
a t e  work comes from grants or R Rc D contracts with such agencies 
as the FAA, industry, and the Army Electrolzics Command. Several 
successful  resul ts  have been forthcoming f rom research conducted 
for these agencies,  and improvements in ce r t a in  ATC f a c i l i t i e s  
have been made. F l i g h t  f a c i l i t i e s ,  such  as a small a i r p o r t  a t  
Athens, Ohio, large towers, and mobile f ie ld  laboratory vehicles ,  
perinit t h i s  t ype  of research t o  be clsnducted a t  various ground 
t e s t  s i t e s  i n  the proximity of the university.  Both  Master and 
PhD degree prograns are provided by the University in these tech- 
nical  areas.  
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Professor D u n s t a n  G r a h a m  (Princeton University), his 
associates, and graduate students are more involved in the areas 
of aircraft instrumentation, pilot displays, and fl ight control.  
The many problems associated  with  the  utilization of information 
in the cockpit of an a i r c ra f t  by the pi lot ,  such as landing guid- 
ance, navigation, displays, flight controls, stability and control, 
etc., are addressed in this research. Princeton University main- 
ta ins  a well-staffed hangar and several   aircraft  at the Forrestal 
campus t o  conduct this research. The graduate students are deeply 
involved in   these  projects ,  and the  research  resalts  are  often 
used in both Master and PhD degree programs. Rnphasis on VSTOL 
aerodynamics, instrumentation, guidance and control has been 
increasing in recent years, and an extensive research effort in 
this area w i t h  ECOM (Army-Avionics Laboratory) has been under way 
f o r  the  past few years. 
A variable-stability aircraft has also been developed 
at Princeton for the Navy and i s  the  basic t o o l  f o r  f l i g h t  simu- 
la t ion and carrier landing studies. Characteristics of various 
types of a i rc raf t  can be electronically simulated in actual flight 
with this single aircraft ,  helping in the assessment of such prob- 
lems as the precision of flight following of visual and electronic 
landing aids f o r  c a r r i e r  landings. A f ac i l i t y  u t i l i z ing  a l o w  
track t o  investigate the f l i gh t  p r o p e r t i e s  of a variety of scaled 
VSTOL a i rc raf t  i s  also available. P r o f e s s o r  Graham (as others 
do) i s  actively engaged i n  consulting f o r  industry and government 
t o  stay abreast of the technology and the demand i.t places on  
technical education. 
E. COLKPLEMENTARY NATURE OF THE PROGRAPE AT TCHE FOUR UNIVERSITIES 
From the above abbreviated description of each university 's  
program, it is  obvious that  l i t t l e  overlap o r  duplication exists 
between the f o u r  universit ies in  their   research programs and course 
materials. It i s  a l s o  evidext that some inportmt areas of ATC 
technology a re  not covered by these programs. However, the t o t a l  
programs admirably serve t o  demonstrate an existing, on-going 
university program in the aeronautical sciences closely tied t o  
145 
A i r  Traff ic  Cont ro l  technology. It was obvious from the Washing- 
t o n  conference, which w a s  attended by NASA and the   un ivers i t ies ,  
that  the ideal  s tudent  product  might be a graduate that had com- 
pleted coordinated course and research work a t  a l l  f o u r  of t he  
univers i t ies  represented  in  this study. However, this i s  not 
t o o  p rac t i ca l  a t  present,  but it does suggest that because of 
the breadth of the  spec ia l  d i sc ip l ines  tha t  mdke up a t o t a l  national 
approach t o  A i r  Traf f ic  C o n t r o l  technology (and i t s  impact on 
a i rc raf t ,  a i rpor t s ,  the  community, the public safety,  and economya, 
some cooperation between a t  l e a s t   p a i r s  of  un ivers i t ies  would be 
beneficial .  
A t  l eas t  in i t ia l ly ,  there  appears  t o  be more o? a common 
i n t e r e s t  between the University of California and MIT's programs 
because of many past interchanges and working relat ionships  of  
the professors and s ta f fs  involved  in  similar program. Similarly, 
it appears t o  the author at leas t  tha t  Pr ince ton  and Ohio Univer- 
s i t i e s  have some comon interests  i n  Avionics used f o r  navigation, 
guidance and control,  as both the ground f a c i l i t i e s  and the  air- 
craft  displays (instrumentation and control dynamics) are  re la ted.  
Obviously, f o r  the  mos t  broadly trained individual, even a combina- 
t i o n  of the two p a i r s  would be most beneficial ,  since the many 
interfaces  of "total-system" engineering that a re  s o  vital  t o  the 
nat ion 's  ATC problem include the vehicle,  electronics,  and the 
airports .  The required " total"  system  exposure i s  typif ied by 
the areas represented by the four  univers i t ies .  
It i s  for tunate  that  we have t h i s  spectrum of the  ATC 
technology s o  well demonstrated i n  the course and research content 
of the f o u r  un ivers i t ies ,  It was the view of  m o s t  of those present 
at the conference that this on-going program could serve i n  one 
form or another as a foundation t o  bui ld  on, s o  that expanded 
numbers of graduates and more course material would become avail- 
able by means  of some form of  government assistance. It i s  a l s o  
obvious that other  univers i t ies  have programs of merit but that 
because of the  l i m i t a t i o n s  of th is  s tudy,  and the logis t ics  involved,  
it appeared t h a t  a "hard-core" program star ted with the f o u r  
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universit ies represented could be expanded by NASA t o  other 
qua l i f ied  univers i t ies  if and when warranted. There i s  a possi- 
b i l i t y  that a f i f t h  or even a sixth university progran ranks 
along w i t h  the  above four .  It is not the intention here t o  
eliminate any part ic ipat ion but  t o  s t r e s s  t he  need t o  se lec t  
those univers i t ies  that  =e already deeply involved in ATC tech- 
nology and that have the experience of a few y e a r s  t o  assure an 
in i t i a l  success  of a NASA-ATC technology university program. 
F. GENERBI;_OUCPLINE OF A J'OS.SIB@ $BSA/TjNIVERSITY PROGRAM IN 
~Z~V-TECHNOLOGY 
A s  ATC i s  defined here it inc ludes ,  in  the  broades t  
sense,  the airport ,  vehicles,  ground and a i r  e l e c t r o n i c s ,  p i l o t  
instrumentat ion,  f l ight  dynamics, legal  aspects ,  economics, man-  
agement, etc.  ATC i s  used t o  i aen t i fy  this large area of  Aero- 
nautics and t o  avoid misunderstandings as t o  inclusion o r  exclu- 
sion of  other on-going programs i n  space, advanced aeronautical 
vehicles, propulsion, etc. By encourageaent of  the  univers i t ies  
now ac t ive  in  the  ATC areas, it would be prac t ica l  t o  increase 
the  number of degrees granted a t  Bachelor, Master, and PhD leve ls  
in  the  next  few years. This encouragement can come i n  one of 
several f o r m s  and we w i l l  discuss one mechanism, the research 
grant, that received considerable attention at the oonference. 
However, it was emphasized by most present that the current inte- 
rest  eaphasizes an increase  in  the  number of Master degrees per 
year rather than an increase in PhD degrees. On t he  one hand, 
the complexity of the technology often requires more t ra in ing  
than a Bachelor's degree in many instances. On the other hand, 
there seem t o  have been (by recent estimates) t o o  m a n y  PhD . level 
graduates. Thus, the a i m  might  be t o  s a t i s f y  a l l  levels,  but 
t o  stress the Master level program. T h i s  has advantages f o r  
f i l l i n g   t h e  expected demand in ATC technology as needed profes- 
s ionals  can be available i n  l e s s  time f r o m  the univers i ty  f o r  
emplo-Dent in  indus t ry ,  government,  and  elsewhere. T h i s  w i l l  
a id  i n  the solut ion of the  innumerable ATC-associated problems 
that are envisioned t o  be increasiilgly evident during the 1970- 
1980 time period. 
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Admittedly, i f  one looks a t  the :"mediate present needs 
f o r  this talent they are not high. Yet, the planning of major 
systems on a national basis  f o r  design and implementation during 
the " 7 0 ' s  cannot be real is t ic  without  qual i f ied professionals  t o  
execute the plans. Thus, one cannot measure the  t rue  demands by 
the small current demands (par t icu lar ly  i n  an area that  i s  identi- 
f i e d  as technologically deficient). It i s  possible that the lack 
of professionals w i t h  better  educational backgrounds has precipi- 
tated this national concern about the gross inadequacies and 
c r i s e s  in  store f o r  the national ATG system. Because of inevitable 
delays, a three-year anticipation of demands for such graduates 
must be recognized. To measure the need f o r  such professionals 
i n  ATC technology by past standards is merely t o  suggest that we 
are  wil l ing t o  accept about the same consequences. 
Thus, i f  one i s  t o  stand .back and take an overview of 
the national programs and the enormous expenditures (by past stan- 
dards) that  w i l l  be essential  t o  add A!FC capacity and t o  aoderniee 
the nation's ATC system, engineers with much be t te r  backgrounds 
and in   g rea te r   quant i t ies  than those presently involved must be 
available. Some professionals can be re-trained in many cases, 
and th i s  m a y  be a second important avenue t o  fo l low.  However, a 
far  more basic method i s  t o  a t t ract  the br ight  young student 
before he i s  committed elsewhere and t o  start h i m  i n  a career 
re la ted  t o  aeronautics and a i r  t r a f f i c  technology. The current 
student preference for solving m a j o r  c i v i l  problems and avoidance 
of mil i tary programs should assure m o s t  university personnel that  
the source of qualified students will be large. Once such a pro- 
gram as herein discussed i s  under w a y  and publicized, a wide 
selection of  the best cmdidates can be made. Future eqloyment 
would be in the research, design and implementation of major  new 
systems, such as the  RTCA SC-117 system (new microwave landing 
system), the "Super" Beacon system of  the Alexander report, 
"STRACS, major new flight instruments (such as Area-Nav, curved- 
l inear fl ight following, automatic landing, etc.). These are but 
a few examples of some six t o  t en  major new systems tha t  must be 
designed, tested, validated, and implemented, but that  do no% 
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ex i s t  today. Each system can cost f ron  300 m i l l i o n  t o  2 b i l l i o n  
dol la rs ,  depending on the nature  of the system and the number 
of na t iona l  ins ta l la t ions  (air and ground) t h a t  will be involved. 
The magnitude of these expenditures i s  so great that  one cannot 
to le ra te  the  poss ib i l i ty  of technological failure.  A far more 
"scientific1' approach t o  these systems i s  required than ever i n  
the past .  
Since most f a c i l i t i e s  (ILS, TOR, DME, radars,  SSR) are  
now f r o m  20 t o  30 years old, it i s  the  sk i l l fu l  app l i ca t ion  of 
new technology that supplements the old and creates  major capacity 
increases  that  is e s sen t i a l  t o  cope w i t h  national projections o f  
air t r a f f i c .  Even more d i f f i c u l t  system planning is needed a s  
each major system cannot be developed i n  i so l a t ion  f rom the others. 
The "total-system" composed o f  the  many major elements that w i l l  
cos t  severa l  b i l l ion  d o l l a r s  (over 1 t o  2 decades) t o  accomplish 
requires  ta lents  n o t  now ava i l ab le  in  adequate supply. 
Thus, it i s  pro jec ted  tha t  as  the  rnajor overhaul, 
expansion, and modernization of the overal l  ATC system (electronics ,  
vehicles, airports) gets under w a y ,  the demand for engineers and 
sc i en t i s t s  spec i f i ca l ly  t r a ined  in  the  aforementioned disciplines 
w i l l  outstrip anything now envisioned. Just as NASA aided the 
univers i t ies   in   the   space  program and created a needed la rge  
supply of new graduates  a t  all levels  t ra ined in  the space tech-  
nologies, s o  we need i n  about 2 t o  3 shor t  years an ever-increasing 
supply of graduates trained in the aeronautics and a i r   t r a f f i c  
technologies. It i s  l i ke ly  tha t  nea r ly  any incident can trigger 
a much larger  nat ional  effor t  t o  modernize the ATC system a d  t o  
expand it--f o r  example, a continuation of  mid-air collisions, a 
landing accident of a jumbo j e t ,  or economic chaos due t o  a i rpor t  
and a i r  t r a f f i c  s a tu ra t ion .  It i s  the objective here t o  i den t i fy  
and plan a n  in i t ia l ,  basic  univers i ty  program i n  U C ,  s t a r t i n g  in 
the near future,  t o  s a t i s f y  this forthcoming public demand f o r  
bet ter  solut ions t o  the  la rge  c iv i l  system problem. 
The ex . i s t i ng  f ac i l i t i e s  will coatinue t o  operate f o r  
some time, and the FAA has a major program f o r  t h e i r  expansion 
and modernization. Even i n  t h i s  a r e a ,  much modern technology 
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should be applied rather than simply ins ta l l ing  more of the Same 
limited devices. Major improvements i n  VOR, fo r  example, suggest 
that  i t s  accuracy can be enhanced f o r  kea-Xav (AC 90-45) . Conse- 
quently, we have a para l le l  need f o r  the expansion of current faci- 
l i t i e s  and t o  u t i l i z e  them more efficiently (siting, channelization, 
information  coxtent) in airspace assignments. However, there 
w i l l  be a most d i f f i c u l t  engineering task ahead. Adding capacity 
t o  the existing t o t a l  ATC system by supplemental and corapatible 
systems, such as the SC-117, VLF guidance control, new transponder 
codes, airborne displays and flight control devices, etc., must 
be  done without removing o r  disturbing the o l d e r  systems. The 
compatibility of the "old" and "newtf i s  important, as ATC d i f fe rs  
from other single-purpose systems (s t ra ight  l ine management such 
as Appollo,  A i r  Defense, etc. ). 
Many "system" experts are familiar w i t h  w h a t  a r e  basic- 
a l ly  simpler problems. ATC technology i s  the most complex of 
system engineering challenges: t o  assure enormous additional capa- 
c i ty  with selected technology, w h i l e  not dishubing or destroying 
the  operational ''on-line" system. I n  the  case of  general aviation 
(l ight aircraft)  this capacity must be added at  great ly  reduced 
costs compared with past modernization e f f o r t s .  Although the 
o-dner  of a 20-million-dollar a i r l i ne r  can accept 500 thousand 
dollars of ATC related electronics, a 20 thousand dollar general 
aviation aircraft  owner cannot. Yet, f o r  public safety he must 
not be deprived o f  commensurate f ac i l i t i e s  su i t ed  t o  his eaviron- 
ment  and a i rc raf t  f o r ,  say, about 3 or  4 thousand d o l l a r s .  This 
is an enormous technological challenge not faced by anyone on  a 
large scale at present. It is obvious that  such a complex t o t a l  
system w i l l  require t h e  best brains of the nation trained at the 
bes t  universit ies t o  prepare them f o r  the planning and engineering 
of such systems that offer a magnitude of operational improvements 
but at a magnitude of  l e s s e r  cost. 
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G. METHODS -___ FOR ~. NASA/UNIVERsITY SLTPPORT 
A 1968 report ,  "A Study of NASA University Bograms, 
outl jnes several  means t h a t  NASA has employed in  the space pro- 
gram t o  ass i s t  un ivers i t ies  dur ing  the  pas t  decade. Although 
some Aeronautics was included,  this  univers i ty  program was pre- 
dominantly oriented toward space, while the program herein dis- 
cussed is  primarily oriented toward ATC technology and associated 
Aemnautics. The magnitude of  the ATC program w i l l  be considerably 
l e s s  than that  of the space program; however, it may well be 
necessary t o  provide long-term support i f  the  objec t ive  i s  t o  
create the quali ty and quantity of t he  much needed new t a l e n t  
i n  the  a i r  t r a f f i c  t echno log ie s .  The a i r  t ra f f ic  a reas  requi r -  
ing support w i l l  be more spec i f ic ,  and some  of the broad justi-  
f ica t ions  f o r  space university programs would not be needed. 
Basically, the "Three-Year-Stepped-Funding" type of 
research grant seems t o  be the  bes t  method t o  consider rather 
than other methods employed by NASA i n  past   univers i ty  programs. 
Most of the reasons f o r  t h i s  assumption are complicated, and many 
were discussed at the 12 March, 1970, coderence. However, fund- 
ing can be a secondary matter, once a joint understanding i s  
established between NASA and the   un ivers i t ies  i n  the air  t r a f f i c  
technology areas. Figure 25 notes the wide scope of the tech- 
nical  areas.  Again, air t r a f f i c  i s  a term used t o  ident i fy  the 
type of univers i ty  program. intended t o  avoid confusion with other 
on-going vehicle progrms. 
Util izing this step-funding mechanism, a research pro- 
posal i s  prepared for a research grant by the  univers i t ies .  I f  
accepted, it i s  then  funded  fu l ly  for  the  f i r s t  year ,  2/3 f o r  t h e  
second year,  and 'I; for the  last year. This avoids any precipi- 
tous cancellation and permits the university t o  a t t r a c t  and exe- 
cute the type of research (performed by graduate students i n  
most  cases, but supervised by a professor) herein envisioned. 
Icypicdly, a 100 thousand do l l a r  a year  effor t  w i l l  support about 
8 t o  10 students at the graduate level depending upon the  equip- 
ment or materials needsd. Other f a c i l i t i e s  t h a t  may be involved 
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in the research effort  a l s o  affect this figure. Such a level 
a l l o w s  enough graduate students a t  a given university t o  became 
involved so  that additional course material can be generated 
and taught. Such aid further attracts professionals i n t o  the 
university t o  supplement and/or add t o  the existing limited 
teaching staff. The universities (herein discussed) are generally 
having trouble obtaining qualified staff f o r  teaching o r  super- 
vising the research work, both functions being s o  essential  t o  
the graduate level student. 
Thus, at  th i s  leve l  of expendi-hme the f o u r  universit ies 
would theoretically expend about a t o t a l  of 4 t o  5 hundred thou- 
sand dollars a year, involving possibly 35 t o  40 graduate students. 
However, this level was considered a l i t t l e  high by one of the 
univelsities since t h e i r  research efforts do not involve so  much 
equipment o r  any f l i g h t  time (cost of aircraft operations). Thus, 
though one or two might require l e s s ,  the o the r s  may require more 
materials, equipment, etc.,  so  that  an init ial  estimate i s  made 
of about 4 t o  5 hundred thousand dollars a year uti l izing the 
3-year stepped funding concepts. Hopefully, i n  3 years the out- 
flow of  Master level graduates trained in portions of ATC tech- 
nologies w i l l  be forthcoming a t  a ra te  o f  approximately two t o  
t h ree  t imes the present rate. Currently, each university i s  
receiving assistance by various grants from other government 
agencies, i n d u s t q ,  or from foreign sources. T h i s  proposed pro- 
gram would effectively permit course and s taff  expansion and an 
increased production of graduate level students. It would not 
a t   t h i s  time include other universities, which would presumably 
require a costly and time-consuming start-up effort t o  even 
match the existing level of the f o u r  universities included in 
t h i s  study. Expansion t o  other  inst i tut ions in  la ter  phases is 
warranted i f  the student demand increases. 
H. POTFXCIAL  RESULTS OF THE PROGRAM 
It i s  expected tha t  the  in i t ia l  e f for t s  would support, 
in part ,  the trainiag of additions t o  the teaching staffs and would 
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aid in generating new course materials and the research activit ies 
leading t o  reports, theses, and advanced degrees. The current 
shortage of teaching staff f o r  a b  t r a f f i c  technology is  i t s e l f  
something tha t  must  be  overcome. It is possible that, with summer 
study groups made  up  of s t a f f s  from the f o u r  univers i t ies ,  this  
could be minimized by direct  exchange of materials for certain 
courses and  by  exchange  of students o r  faculty, A t  any ra te ,  
such a program las t ing   for  3 t o  4 years should then readily 
establish the needed production level warranted on a national 
basis. The  new course material and f a c i l i t i e s  would a l s o  be 
generated that m a y  be required t o  sustain a sufficiently'long 
university effort t o  see it through the completion of the modern- 
ization of the ATC system by the early 1980's. The level of 
graduates per year probably cannot be clearly determined a t   t h i s  
time; thus, the modest effort suggested w i l l  meet the most urgent 
1973 and beyond demands for building a trained staff  suited t o  
future expansion, mer imen ta l  course material will be developed 
that  can lead t o  needed textbooks and formally organized course 
materials for the typical catalog. Other universit ies may want 
t o  adopt these results for courses in the same areas. 
A s  far  as  NASA is  concerned, the research grant requires 
a "product" of  some form. This could be in  the form of reports 
on resu l t s  from research, Master and phl) thesis material, profes- 
sional papers, patents, etc. Such products should meet the major 
contractual needs, yet retain the flexibility required by the 
university in the progran, It was stressed that a research grant  
contract that is t o o  specifically defined can s o  constrain the 
effort that the student cannot be allowed the inj;t;iative, lati- 
tude, and enthusiasm required for  his  select ion of research topics. 
This view was balanced by other  university  experiences 
with this type of support that indicated that a broadly written 
research program could include several possible examples of the 
research areas and other means of re ta ining f lexibi l i ty  a d  avoid- 
ing detailed lists, work statements, o r  tasks that would have t o  
be accomplished. This i s  recognized as a diff icul t  area t o  work 
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out between NASA and a university,  and it was strongly urged that 
only draft material  or "think" pieces on such proposals be dis- 
cussed a t  first. 
Either collectively or individually,  the f o l n  univer- 
s i t i e s  could provide notes f o r  discussion purposes w i t h  NASA 
staff members. T h i s  method w i l l  a id  i n  the understanding by 
both the university and NASA of the type of programs herein 
envisioned and avoid a re jec t ion  if and when a formalized proposal 
i s  warranted, prepared, and offered t o  NASA. Obviously, the 
final,  formal proposals would be cleared by the university man- 
agement and presented for consideration by NASA. Such informal 
proposal draft  material  aids i n  communicating the nature of the 
programs and the level  of  commitment on the  par t  of both par t ies .  
It i s  recognized tbat with current NASA funding levels, l i t t l e  
immediate action could be taken. However, the discussions onthe 
content of the program w i l l  progress i n  the few months needed t o  
develop  the mechanism for proceeding  with a NASA ( a i r  
t r a f f i c )  un ive r s i ty  program. The plaI; and in t en t  i s  now urgently 
required, as congressional hearings and other evidences of encour- 
agement and commitments, such as the aviat ion t rust  fund,  on 
these plans a r e  due i n  a few months. In  o ther  words, the inform- 
al discussions and draf t  mater ia l  w i l l  make  good use of  t h i s  
time, s o  tha t  a formalized step can be quickly taken, once fund- 
ing authorization i s  available. 
I. POSSIBLE RESEARCH GRANT PROGRAMS 
A n  example w a s  given of the nearly complete national 
lack of i n t e r e s t  ( a t  a high technological level)  f o r  solving the 
myriad problems of the  genera l  av ia t ion  ( l igh t  a i rc raf t )  t ra f f ic  
flow. These a i r c r a f t  outnumber a i r l i n e r s  by about 20:1, and 
are increasingly flying in IFR and near (of if qual i f ied i n t o )  
dense ATC areas. mgineering a supplemental  system t o  a c c o ~ o -  
date these tens of thousands of a i r c r a f t  (and t h e  a i r l i n e r s )  
i s  most  "cost-restrictive,  requiring advanced new concepts 
f o r  t h e i r  ATC, guidance, and co;ltrol. It is  obvious that a 
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confrontation between l i g h t   a i r c r a f t  and others is imminent, 
and a solut ion must be developed. The use of "positive- 
controlled'' airspace, requiring a beacon transponder, two-way 
VHF rad io ,  and other electronics,  i n  terminal and dense air- 
space i s  the  first regulatory step. 
However, even with the first step,  two serious prob- 
lems  remain. The beacon  system loading (pulse  t raff ic  on i t s  
single channel) is suff ic ient  that  other  code s t ructures  and 
the 'Upha-numerics  sometimes  cannot  be  "read" by the ATC con- 
t r o l l e r  viewing his displays of  these transmissions. There i s  
also the problem of c lear  def in i t ion  of the complex, three- 
dimensional boundaries of mch airspace s o  that unequipped air- 
c ra f t  can prac t ica l ly  and lega l ly  remain safely clear  of it. 
This suggests that some extremely low-cost means be found t o  
provide the general  aviat ion ( l ight  a i rcraf t )  pi lot  with his  
position information and a means t o  l la ler t"  ATC if  the posit ion 
data encroaches on the areas excluded t o  t he  a i r c ra f t .  A s  
these areas. become large and the geornetrics more complex ( i n  
three dimensions), blunders and inadvertent violations w i l l  
occur.  Since mid-air col l is ions can resu l t ,  the  safe ty  of  the 
public use of  a i r l ine  serv ice  i s  at stake. C o s t l y  a i r l ine elec-  
t ron ics  w i l l  not -help. Low-cost universal units are  essent ia l .  
Even the beacon codes m a y  be saturated i f  continued overload 
of the transponder system ("hot spots") i s  the  resu l t  o f  these 
new regulations that obviously encourage wide-spread use of very- 
low-cost transponders. Some manufacturers are now sell ing trans- 
ponders below the one thousand d o l l a r  level.  
This i s  but one example or" a national problem re la t ing  
t o  a i r   t r a f f i c  system technology t h a t  i s  r ece iv ing  l i t t l e  a t t en -  
t ion,  ye3 it i s  one t h a t  seems well sui ted t o  the university 
program. The mathematical  modeling of a i rspace,  pulse  t raff ic  
loading, application of code structures,  and variable density 
t raff ic  loading are  a l l  chal lenging and sophisticated problems 
even though they are related t o  l ight  general  aviat ion aircraf t .  
S imi la r ly ,  the  f l igh t  and l a b o r a t o r y  testiLag of the following 
concepts would be relatively inexpensive: €WI based on the 
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transponder, visual devices, a VILE' low-cost "wide-area" position- 
ing system, and p i l o t  displays t o  u t i l i z e  such qstems 5 n  the 
environmental conditions (speed, altitude, etc.) of general 
aviation. Dozens of subjects suited t o  university research and 
thesis subjects exist in the general aviation field. Effectively, 
it i s  suggested that the universitg program could use one or two 
overall themes relat ing t o  national air t ra f f ic  problem areas 
f o r  establishing research grants. The technical disciplines are 
so  wide-ranging that  mathematical modeling, electronics, displays, 
computers, f l i gh t  dynamics, human factors  , etc., can a l l  be iden- 
t i f i e d  and related in the general aviation area. 
For example, the University of Ohio already has some 
research effort in the vI;F wide-area navigation field. Ty-pical 
expansion of thPs effort related t o  avionics might be: measure- 
ments of signal levels and accuracy at  several  locations in the 
United States including areas where VHF signals are poor because 
of low angle coverage, or mountainous terrain3 methods f o r  inser t -  
ing differential corrections, using Omega "composite" techniques; 
means f o r  using the  signal format for  rol l -cal l  of air-ground 
data; measurements in thunderstorms, etc .  
The above program might be complemented by Princeton's 
equivalent effort in such matters as relating the fl ight charac- 
t e r i s t i c s  of  l igh t  a i rc raf t  t o  t he  peculiar nature of the VLF- 
Omega signals. The development of s implif ied low-cost p i l o t  dis- 
p lays  of the oblique-parallel LOP'S would be along the l ines  of 
display work now already under w a y  at Princeton, Possibly some 
f o u r  candidate displays might be evaluated by simulation, and 
then the two best ones could be evaluated by ac tua l   f l igh t   t es t s .  
Analysis of the coupling of the aircraft  t o  the guidance via the 
human controller but using constants commensurate with l ight 
a i rc raf t  and Omega w a u l d  be most  valuable. Some further tho-ughts 
on general aviation electronics and displays a re  available in the 
f inal  report  of Contract NAS 12-2071, December 1969. 
Other air traffic technological areas besides general 
aviation suggest themselves; however, it would be advantageous 
i f  the selection of areas emphasized those not now being explored 
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by others. This emphasis offers the advantages o f  o p e n i x  new 
nationally important research areas, and at the same time provid- 
ing experts t o  apply research results as they go i n t o  i n d u s t q  
and government after graduation. The example above is a comple- 
mentary research effort not duplicating, f o r  example, the dozens 
of projects already existing i n  the VHF (TOR) area. Expansion of 
research effor ts  i n  airport  design and operations, including elec- 
tronics,  simulatioa of large surface control systems, such as 
STRACS, are other examples. The fog chamber could serve as a 
research t o o l  i n  slant v i s i b i l i t y ,   p i l o t   i l l u s i o n   i n  CKT a, and 
i l lus ions  and limits of CAT 111-A. It i s  l i ke ly  tha t  do'zens of 
research-oriented proposals suitable t o  un ive r s i ty  ac t iv i t i e s  i n  
these areas can be conceived, yet presented i n  a broad sense, s o  
that  the specif ic  s tudent 's  own des i res  and in t e re s t s  i n  the  a rea  
can be encouraged. 
J. SUMMARY AND CONCLUSIONS 
The study and conferences on the subject of a potent ia l  
NASA-sponsored university.program in  the A i r  Traff ic  Systems Tech- 
nology has already established that an i n t e re s t  011 the  par t  of 
the f o u r  un ivers i t ies  and NASA exis ts ,  suggest ing that  the subject  
be pursued further. An unf i l led  national need ex i s t s  for universi ty  
qual i ty  t ra ining in  the technologies  re la ted t o  ATC, It i s  essen- 
t i a l  t o  provide an expanding source of new Bachelor and graduate 
degree engineers (and sc i en t i s t s )  t o  work on what will probably 
be the m o s t  complex and massive modernization of any c i v i l  system 
t h a t  w i l l  be attempted natiolially in the 1970 decade, Similarly, 
re-training t o  re-orient well-trained individuals toward the 
spec i f ic  d i sc ip l ines  of  value in  the ATC areas i s  a l s o  o f  mutual 
i n t e re s t  ( t o  the  univers i t ies  and NASA). 
The most  appropriate mechanism t o  proceed a t  this time 
would be informal draft proposals f o r  discussion with NASA, hope- 
ful ly  leading t o  subsequent formalized proposals resulting in 
research grants. The support of f rom 5 t o  10 additional graduate 
students at each of the four  univers i t ies  might be a rea l izable  
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goal. Hopefully, this t o t a l  e f fo r t  m i g h t  run at  around 4 t o  5 
hundred thousand dollars per year under the +year step-funding 
concepts of past NASA programs. T h i s  e f fo r t  would start t o  pro- 
duce (within about 3 years) nearly double o r  t r i p l e   t h e  number 
of graduates now being produced by these univers i t ies ,  which 
are current12 operating without such NASA assistance. Short 
summer sess ions   aong  the  f OUT un ivers i t ies  t o  a i d  i n  be t t e r  
understanding of each other's curriculum and t o  ident i fy  areas  
needing generation of new course material would accelerate  this 
plm.  In  perhaps the fornth year  we could establish, with exist- 
ing and new course material ,  the basic educational basis for this 
new b ranch  ( a i r  t r a f f i c )  of o u r  expanding technology. A decision 
t o  expand or sustain the program as such would be warranted around 
1974 . 
This 3-year, 4-university program might then be consid- 
ered a "p i lo t  *I program i n   t h e   s e n s e  that from the program several  
well-trained professionals w i l l  emerge f o r  the expansion of facul- 
t ies ;  fur thermore,  an increased depth and breadth of course mate- 
r ia l  w i l l  r e s u l t  in  the ATC-related technologies. Also, perhaps 
some j o i n t  univers i ty  .effor ts  (2  or 3 cDmbined) may develop wherein 
a student can derive the benefits of imo or t h r e e  a i r  t r a f f i c  
technology disciplines not now avai lable  a t  a single university.  
It appears that expansion of  the on-going p r o g r a s  in these uni- 
v e r s i t i e s  by coordinated research grants would provide the profes- 
s iona l  ta len t  tha t  w i l l  be so re ly  needed t o  wisely invest  the 
anticipated large sums of  money becomixg ava i lab le  for  improving 
and modernizing the nat ion 's  ATC system and associated technology. 
K. BOME SUGGESTED  TOPICS I N  AZCC TECHNOLOGY 
The following l is t  of topics  is  intended t o  describe 
typical contents or subject matter of research and thesis projects. 
The list includes areas of i n t e re s t  t o  t he  f o u r  un ivers i t ies  and 
is actual ly  d r a w n  p a r t i a l l y  from reports,  theses,  and other outputs 
of on-going  programs at  these uni-rersit ies,  These suggestions 
cover a wide range of  sub jec t s  i n  ATC and may-.suggest t o  students 
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specif ic  ATC a reas  tha t  will i n t e r e s t  them. Yet each subject 
can be of a coatributing nature t o  an ex i s t ing  r ea l  problem 
ra ther  than merely a study of a c l a s s i ca l  problem. The list is 
far f r o z  complete, but is intended t o  s t ress  the  var ious  de ta i led  
d isc ip l ines  of ATC as well  as some t o t a l  system areas. 
1. 
2. 
3. 
4. 
5. 
6 .  
7- 
8. 
3-  
10 . 
11. 
12 * 
13 - 
14. 
15 * 
16. 
17 
18. 
19 
20. 
21 * 
22. 
23 . 
Taxiway congestion 
Passenger f l o w  i n  terminals 
Concepts for  increasing r u n w a y  capacity 
Andysis o f  investments in airway f a c i l i t i e s  
Use of "Beam Rate" f rom ILS guidance signals f o r  f l igh t  cont ro l  
Scanning beam, microwave guidance sampling r a t e s  as they 
a f f ec t  f l i gh t  con t ro l  
Computation and f l ight  fol lowing of curved paths i n  t h e   v e r t i c a l  
Computation and f l ight  fol lowing of  horizontally curved paths 
Guidance and coatrol techniques suited t o  noise abatement 
The ef fec t  of low a l t i t ude  wind shear oil ILS precision radio 
guidance 
P i l o t  displays f o r  Area-Nav 
P i l o t  displays f o r  curved noise abateaent paths 
Pi lot  displays for CAT I1 and I11 landing and rol lout  
Pilot-vehicle-guidance system synthesis 
Analysis of radio guidance f o r  VSTOL systems 
Helicopter landing systems 
STOL landing systems 
Theory and control of f l igh3  t rack  ve loc i ty  of  several air- 
craft closely spaced along a n  airway 
Theory and coxtrol of air-to-air spacing along a common f l i g h t  
track using on-board information 
Comparison of "close" and "broadcast" control concepts of  ATC 
Minimum qual i ty  of inertial  data required with imprwed forms 
of radio navigation such as recti l inear type coordinates, 
polar coordinates, etc. 
S ta t i s t ica l  t rea tment  of major ILS er rors  as they affect  CAT 
11-A and CAT I11 performance 
Coverage and accuracy of radio navigation required for low 
f ly ing  STOL and VSTOL services. 
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24. 
25 
26 . 
27 - 
28. 
29 
30 
35. 
37- 
38. 
39 9 
40 - 
41. 
42. 
43 - 
44,. 
45 - 
45 - 
47 - 
48 . 
The impact of f l igh t  cont ro l  system theory on radio midance 
The impact of modern radio guidance developments on f l i g h t  
control theory 
Re-examination of barometric sensing systems errors as they 
a f f ec t  ATC 
Means f o r  in-f l ight  cal ibrat ion of barometric sensors 
The influence of  three-dimensional Area-Nav on ve r t i ca l  
sepmation usjig barometric sensing of height 
Required s t a b i l i t y  and control  character is t ics  of VSTOL air-  
c r a f t  f o r  f lying specific descent paths t o  specif ic  points  
over obstructions 
Analysis of UHF g l ide  pa th  i r regular i t ies  due t o  t e r r a i n  
and snow environments 
Theory and experimental measurements of VOR multipath errors 
Crab angle sensing measurements in low-visibil i ty landing 
Use  of  Omega .navigation f o r  general  aviat ion aircraf t  
Interface of "Wide"  Area-Nav with terminal area systems 
Atmospheric e f fec ts  on range and accuracy of scanning beam 
landing system at C and Ku bands 
Methods of monitoring scanning beam landing system 
Factors influencing accuracies o f  scanning beam landing guidance 
Simplified Area-Nav displays using "raw" coordinates of long 
baseline guidance systems f 01' pilot   following 
New concepts in  VOR transmission f o r  improving accuracy and 
in tegr i ty  
Computerized scheduling concepts for airline operations 
Design of VSTOL airpozts 
In te rd isc lp l inary  c iv i l  and electronic design of a i rpo r t s  
Interdisciplinary aeronautics and electronic design of a i rpor t s  
Potential  volume of short-haul transportation by a i r  
Use of computers i n  a i r  t r a f f i c  s e p a r a t i o n  
Analysis of the influence o f  weather interruptions 011 a i r  
car r ie r  economics 
Optimum solution of specif ic  a i rcraf t  rout ing problems 
ml t ipa th  inf luences  of jumbo s ized  a i rc raf t  in the  v ic in i ty  
of a local izer  or glide slope 
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49 - 
50 9 
51 - 
52 - 
53 
!%. 
55 
56 
57 
58 
59 
60 
61. 
62- 
63 - 
65 
66- 
67 
68- 
Effects  of  VTOL noise on landing  s i te  loca t ion  
Analysis of airport  surface induction loops f o r  var ious s ize  
a i r c r a f t  
Analysis of.induction loop spacing on a long taxiway f o r  
veloci ty  measurements 
Tower displays f o r  control of a i r c r a f t  s u r f a c e  t r a f f i c  
Optimization of intersect ion control lers  f o r  a i r p o r t  t r a f f i c  
Analysis of IFR, Doppler and optical  sensors f o r  detecting 
a i r c r a f t  surf ace movements 
The relat ionship of ASDE and multi-loop detection systems f o r  
surf ace  control 
Optimized use of SSR iden t i ty  codes i n  ATC assignments 
Means for reducing over-interrogation of tzansponders i n  
dense ATC environments 
Avoidance of controller confusion w i t h  alpha-numeric d i s p l a p  
of dense a i r  t r a f f i c  
Analysis of control ler  workloads with "close" and "broadcastH 
control concepts 
Analysis of p i l o t  work,loads with "close" and "broadcast" 
control concepts 
Abil i ty  of t h e  p i l o t  t o  execute ATC track speed commands 
using airspeed 
Fl ight  dynamic factors  affect ing precise  ATC track speed 
control 
Pi lot  displays of Area-Nav track speed and re la ted  smooth ing  
time s 
Flight dynamics and control problems i n  close spacing of 
mul t ip le  a i rc raf t  on  common f l igh t  t r ack  
Effect of wakes and turbulence on common track spacing dimen- 
sions i n  ATC 
Factors affecting the m i n i r r m m  spacing of parallel  instrument 
runways 
Analysis of close-spaced, dual runways, independently used 
f o r  takeoff and landing operations 
In t e r r e l a t ion  of increased use of  simultaneously operated 
runways (from 1 t o  6) on su r face  t r a f f i c  movements and a i rpor t  
design 
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69 
70 - 
71- 
72 - 
73 - 
74 - 
75 - 
76 
77 - 
78 - 
79 
80- 
81- 
82. 
83 - 
85 - 
86. 
Channelization studies o f  national deployment of hundreds of 
radio guidance signals 
Analysis of the differences of  angular and r e c t i l i n e a r  coor- 
dinates f o r  automatic fl ight control i n  Area-Nav concepts 
Effect of s t ab i l i -  and control of helicopters on path devi- 
a t ion  
Sens i t iv i ty  f o r  manual f l ight  fol lowing of low-visibility 
guidance signals 
Analysis of the combined o r  separate use of primary radar 
and secondary radar i n  ATC procedures 
Aircraf t  performance as  it a f f ec t s  "slant" airways 'used f o r  
climb or descent corridors in terminal areas 
Use  of radar alt imeter data over i r regular  approach terrain 
f o r  controll ing an automatic l a d i n g  approach and f la reout  
Examination of C and Ku bands as they are used in landing 
guidance 
Concepts fo r  d i f f e ren t i a l  and composite use of VLF signals  
Means for  diurnal  correct ion of Omega coordinates 
Measurements of LF and VLF navigational signals during 
electr ical  interference 
Integrated application of Loran-C and Omega coordinates f o r  
ATC 
Joint use of VOR and Omega coordinates for approach t o  thou- 
sands of dispersed general  aviation airports 
Use by ground control lers  of air-derived coordinates of posi- 
t ion ,  a l t i tude ,  and velocity 
Airport  design as it af fec ts  the  placement of the many  new 
ATC (electronic-radiating) systems t o  avoid multipath radia- 
t i ons  from a i r c r a f t  and buildings 
Use of photographic and television recording of j e t  l anding  
charac te r i s t ics  
Image analysis o f  l a n d k g  a i r c r a f t  photo records t o  reconstruct 
landing  t ra jector ies  
Analysis of visual range measurement techniques f o r  providing 
the pilot  with actual cockpit  slant range visibil i ty data 
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88. 
89 9 
90 
91 
92 - 
93 - 
94 - 
95 
96 - 
97 - 
98 
99 
100. 
101 - 
102. 
103. 
104. 
Comparison Of simulation techiques for determining pilot 
factors  in low and very low visibility landing operations 
Fog modification and dispersion  using  various methods 
Part ic le  s ize  and distribution in actual and a r t i f i c i a l l y  
creat'ed  fogs - 
Optical illusions encountered by p i lo t s  in low-visibility 
landing 
Analysis of  the limited p i l o t  cues in RVR v i s i b i l i t i e s  of 
1,200 and 700 f ee t  
Determination of the accuracy of p i l o t  assessment of p i tch 
and heading in large aircraft  during low approach v i s i b i l i t i e s  
of 1,200 and 700 f ee t  
Effect of multiple flight paths generated by a Microwave ILS 
on runway and airport capacity 
Development of simulation models fo r  determining airport 
surface congestion 
Space requirements i n  passenger terminals 
Scheduling aircraf t  gate  ut i l izat ion t o  optimize passenger 
flow and surface control 
Interface of a VSTOL and CTOI; transportation system a t  a 
major je tport  
Analysis and t e s t  of independent landing monitors 
Heads-up vs heads-down displays in low-visibility landing 
operations 
Determination of threshold sensitivities for pilot displays 
wi3h a precision microwave landing mstem 
Assessment of the integrity required in the radio guidance 
and f l ight  controls  f o r  CAT I11 landing operations 
Analysis of the various means for inserting the lati tude,  
longitude, and height of  many VORTAC station coordinates in 
airborne Area-Nav computers 
Area-Nav errors due t o  e r r o r s  of  sensing height and VORTAC 
p o s i t  ion 
Relationship of Area-Nav accuracies on spacing Of p m d - l e l  
airways 
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105 - 
106. 
107 
108 . 
109 . 
110 
111. 
112. 
113 . 
114. 
115. 
116. 
117. 
118. 
120. 
121 
Design of vertical   path computers using DME data 
Design of vertical  path  conputers  using LF or coordinate 
data 
Methods f o r  ramp and in-flight assurance that electronic 
guidance and control elements of an aircraft are functioning 
within  tolerances 
Analysis of concepts f o r  proximity warning using optical means 
Analysis of electronic means for very low cost general avia- 
t ion  electronics  suited t o  p ro f imiw warning and col l is ion 
avoidance 
Study of a i r c ra f t  maneuvers suited t o  conflict prediction, 
proximity alerting, and collision avoidance functions of an 
ATC sys tem 
Effect of CAS climb and descent maneuvers 09 centralized ATC 
Util ization of traxsponder signals f o r  proximity warning 
Operation of t e s t  f ac i l i t i e s  a t  un ive r s i t i e s ,  such as comput- 
e rs ,  fog chambers, aircraft, navigation transmitters, etc. 
Methods f o r  validating A!l?C systems p r i o r  t o  the i r  implementa- 
t ion 
Mathematical modeling of airport  surface traffic movements 
and t h e i r  optimized control 
Comparison of satell i te  navigation w i t h  323 and VLF techniques 
such as Omega and Loran-C f o r  terminal area ATC and guidance 
Independent means for in-flight calibration o f  barometric 
height sensors 
Analysis of methods for uti l izing in-fl ight alt imeter calibra- 
tion data by the pilot ,  controller,  ATC computer, and other 
a i rc raf t  
Analysis of potential  SSR "up-links" fo r  ground-to-air trans- 
mission of ATC data 
Optimized balance of data link and voice ATC instructions 
between p i lo t s  and controllers 
Analysis of multilateration measurements f o r  ATC using SSR, 
m, UHF, and microwave transmission from a i rc raf t  
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L. UNIVERSITY TRAINING IN "TCqTAL S,YSTW.'_ ENGINEERING 
- 
A review of the subjects  covered in  this  report  w i l l  
substantiate the complexity of a " t o t a l "  A i r  Traff ic  Cont ro l  
system. In addition t o  many theoret ical  aspects  of ATC tha t  
are suggested i n  the  l ist  of potent ia l  univers i ty  programs f o r  
t hes i s  and research work, there  i s  the  problem of coping with 
the  in te rac t ion  of dozens o f  sub-systems, humans, electronics ,  
f l i g h t  dynamics, etc. ,  t o  guarantee the successful and safe  opera- 
t i o n  of the  en t i re  system. 
The  ty-pe of t ra in ing  f o r  the " t o t a l  system" engineer 
who w i l l  deal with the design problems of massive interacting 
systems w i l l  be d i f f e ren t  f rom that of  the engineer o r  s c i e n t i s t  
who has chosen t o  s p e c i a l i z e  i n  one of  the  m a n y  in te res t ing  and 
challenging ATC discipl ines .  A recent NASA statement from i ts  
Office of University Affairs recognizes this new need i n  Univer- 
s i ty  t ra ining;  a l though this  s ta tement  refers  t o  space, it would 
equally apply t o  ATC technology: 
ENGINEEKDTG SYSTEMS DESIGN I N  TRAINING AND KEXXARCH 
"We are requesting $1.0 mill ion i n  the FY 1970 Sus- 
taining  University Program budget f o r  university  research 
and t ra in ing  in  engineering systems design. In expanding 
and developing the Nation's scientific and technical capa- 
b i l i t y  t o  meet aeronautical and space needs, NASA found 
i t s  effectiveness l imited by a shortage of engineers who 
could conceive, design and develop complex boosters, 
spacecraf t ,  a i rc raf t ,  and ground suppor t  f ac i l i t i e s .  
Engineers who design and maage such systems do n o t  deal. 
primarily with theore t ica l  sc ien t i f ic  pr inc ip les .  They 
are  more concerned with interactions and conflicting 
requirements of  scores of subsystems and devices, their 
r e l a t ion  t o  each other and t o  the operation of the whole 
system. The ty-pe  of t ra in ing  needed by engineers who 
expect t o  deal with ma,jor system design problems i s  qui te  
d i f fe ren t  from that  required for  predoctoral  scient is ts .  
Engineering doctoral programs i n  most universi t ies  are  
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directed toward  the  c lass ica l  sc ien t i f ic  d i sc ip l ines ,  
rather than toward advanced engineering problems. 
"In this program we are attempting t o  t r a in   c r ea t ive  
professionals equipped t o  formulate and solve broadly 
defined design problems with complex technical considera- 
t ions ,  as opposed t o  the narrow special izat ion and 
research or ientat ion of graduate engineering training 
i n  recent years. An innovative program of t h i s  t y p e  
starts with the select ion of facu l ty  and students who 
have an i n t e r e s t  i n  an engineering project program. In 
addition t o  breadth of technical  interests ,  they must 
be able t o  wozk effectively with others in  team projects." 
AlCC system technology has a s t r o x  appeal t o  the student 
who w a n t s  t o  become more involved i n   t h e   d i r e c t  problems of our 
society. Aeronautics--with what can become a n  equal partner: ATC 
technolo,gy--is being challenged by the society t o  produce a 
national aviation system tha t  i s  e f f i c i en t  and safe. The real iza-  
t ion  tha t  people ' s  l ives ,  community acceptance, legal aspects, 
and the nat ional  economy are as much involved as technical matters 
greatly broadens the scope of t h i s  t o t a l  system engineer. ATC 
technology i s  not a classical ,  ivory tower research effort but is 
a real-world endeavor that o m  society must solve f o r  m a n y  reasons. 
Yet, t he  many challengi-rg aspects of A!FC allow as great  a demand 
on creat ivi ty ,  novel ty ,  and leadership as any of the  c lass ica l  
sc ien t i f ic  pursu i t s .  
It w i l l  take several  years t o  elevate ATC system tech- 
nology t o  the  same level  that we find with aeronautics as it i s  
taught throughout the university system. During the coming decade, 
however, ATC system technology w i l l  probably evolve t o  this leve l  
of recognition i f  soc ie ty ' s  demands on aviation persist. Courses, 
degrees, research projects, "centers" of learning, etc., w i l l  
be devoted t o  the ATC aspects o f  aeronautics. One cannot wait 
un t i l  the  univers i t ies  "d iscover"  th i s  need and f ind  a means 
t o  i n i t i a t e  ac t ion .  NASA and other governmental aid t o  university 
programs can and should accelerate this process in  the public 
in te res t .  
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V I I .  JOINTP DOT-NASA ACTIVITIES I N  ATC TECHNOLOGY 
The previous sections of this report provide the view 
that the future of aeronautics w i l l  be much  more closely associated 
with developmeats in A i r  Traffic Control and electronics than ever 
in  the  pas t .  NASA's research centers have been Ucreasingly 
involved with the interfaces between aeronautics and A i r  Traffic 
Control; these centers have issued many reports relating t o  VSTOL, 
pilot displays f o r  landing guidance, steep angle-noise abatement 
testing, and simulation o f  landing and other ATC f l igh t  maneuvers. 
With the newly created Transportation Sgstems Center (TSC) of DOT 
becoming involved i n   t h e  broader system aspects of ATC, ATC 
theory, and low-range planning, it seems appropriate t o  examine 
technical areas where the development of air  transportation systems 
and the research in aeronautics would interface and potentially 
joint vestures would evolve. With both DOT-TSC and NASA as devel- 
opment  and research-oriented organizations (without burdensome 
operating problems that must be faced daily), their conbined 
effor ts  can be of great value in attacking some  of the ATC prob- 
lems described previously i n  this report. 
Because TSC is  interested in electronics, transportation 
system concepts, and ATC theory, there exists a complementary 
function t o  NASA's aeronautics interests in pilot  factors,  f l i gh t  
research, p i l o t  displays, and operation of  large t e s t  and valida- 
t i o n  centers. NASA's aeronautical resources that can be brought 
t o  bear on the ATC aspects of aeronautics are enormous.  They 
include several nationally and internationally recognized p i l o t -  
sc ien t i s t s ,  major simulators, computer sinulation and analysis, 
use of three major a i r f ie lds ,  and many a i rc raf t  (and t h e i r  support- 
ing  fac i l i t i es ) .  NASA's  management ski l ls  in  large scale  " total-  
system" approaches that require the complex "mix" of m a q y  tech- 
nical  disciplines can a l s o  be applied i n  some ATC programs. 
Reports prepared by NASA's  research staff on testing, analysis, 
and validation of  many aspects of aeronautics now number in   t he  
thousands and i n  the past have ozten provided national research 
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leadership i n  specific aeronautical  problems. ATC is  probably 
aeronautic 's  major  problem f o r  the next  decade o r  two. 
I n   b r i e f ,  DOT-TSC w i l l  tend t o  be more electronic system 
oriented based on i t s  previous history of  having been the elec- 
tronics research center of NASA, and the NASA research centers 
w i l l  be more aeronzutical. oriented3 but the two agencies w i l l  
overlap and provide complementary s k i l l s  and resources in several. 
areas where the solution t o  an ATC problem involves both the 
d isc ip l ines  of e lectronics  and aeronautics.  For example, TSC 
could not justify new f l i g h t  t e s t  c e n t e r s  and acquiring the 
vast aeronautical resources of NASA t h a t  can be focused on many 
aspects o f  the  ATC problem. Nor would NASA be expected t o  develop 
the staff and acquire the resources t o  carry out complex research 
and design in  purely ATC e lectronic  systems. 
The FAA w i l l  probably continue a serious role jll R & D 
but focusing more on the I ' D "  t h m  t h e  "R" wi th  pr ior i ty  oa modern- 
ization, in-service iaproveaents, and more eff ic ient  operat ion of 
the exis t ing ATC sys-tea. It is  most- important that the FAA sus ta in  
the  t ra f f ic  capac i ty  and add somewhat t o  it, but not become 
deeply involved and diverted in new, long-range ATC concepts or 
research programs. Some exmples o f  the magnitude of potent ia l  
new concepts are outlined in this report .  It does not seem pos- 
s ib le  t o  contain both in  the same agency; one cannot serve two 
masters  and, if s o ,  the operating master must predominate. The 
thTee endeavors and functions (of NASA, TSC, FAA) can be quite 
compatible and productive 33 planned. The resources and ingeruity 
of the three agencies w i l l  be taxed in the coming years t o  create  
major improvements i n  ATC capaciiq and t o  do s o  a t  lower cost 
levels.  A fu l l  coord ina ted  e f for t  by the three agencies over 
some years shoilld a s swe  that ATC w i l l  n o t  s t i f l e  aviation's 
progress (as is  now threatened). 
A. IDEXTIFICATION OF J O I N T  (TSC-RASA)  EROTJAUTICS  PROJECTS 
To ident i fy  some of  these joint  DOT-NASA areas was one 
of the purposes of t h i s  s3udy. The previous sections have  covered. 
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m a n y  aspects of ATC, as well  as making it possible here t o  discuss 
sone poten t ia l  j o i n t  projects.  Sone of the more obvious j o i n t  
areas have been selected t o  focus on this new relat ionship between 
DOT and NASA. A given technical area can become a candidate f o r  
select ion i f  (1) it i s  ident i f ied  as an urgent ATC matter, (2)  it 
has strong electronic o r  system coacept aspects, and ( 3 )  it involves 
aeronaut ics  (par t icular ly  the interface of the pi lot-control ler ,  
t he  p i lo t  and his  displays,  or t he  a i r c ra f t  performance r e l a t ive  
t o  desired A.TC procedures). If an ATC area does' n o t  combine these 
three character is t ics ,  it is  n o t  a candidate for the subject herein 
treated, even though it m a y  be h i e l y   s i g n i f i c a n t   i n  a l imited 
area, such as only electronics.  
This j o i n t  (aeronautics and electronic)  area of ten 
becomes a technical vacuum. since it is avoided by e a e r t s  i n  aero- 
nautics as well  as b;l' experts  in  e lectronics .  These c r i t i c a l  ATC 
areas  that  are  n o t  solely electronics  or solely aeronautics have 
increased in number, and the seriousness of the problems mounts 
continuously. This technical vacuum i n  ATC often occurs because 
the agencies theaselves specialize in  one area or the other, and 
the  in te rd isc ip l inary  a reas  of ATC are often avoided. A problem 
tha t  must be solved w i t h  both a knowledge o f  e lectronics  and f l i g h t  
dynamics (mch as the very t ight scheduling on multiple tracks,  
suggested i n  the ATCAC report)  becoms a victim of t3ese limita- 
t ions of a single agency t h a t  does not have adequate resources 
in  the several  diverse  technical  discipl ines  essent ia l  t o  i t s  
solution. O r ,  as o€ten happens, an agency qui t s  qua l i f ied  in  
one discipl ine,  but  not  equal ly  qual i f ied in  another ,  w i l l  attempt 
t o  "over-engineer" the solution t o  f i t  i t s  special  discipl ines .  
The discipl ines  of the avionics engineer are far removed f r o m  
the discipl ines  of the aeronautical engineer, even though bot3 
are involved in ATC problems. In fact ,  they often cannot eo-mmu- 
nicate adequately with each other. 
Often, electronic engineers avoid areas that involve 
t o o  much aeronautics, flight control, cockpit disglay-design, 
p i lo t  u se  of data,  or f l ight  tes ts .  Similar ly ,  the aeronaut ics  
engineer often avoids a technical area t o o  dependent on e lectranics ,  
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such as radio,  pmpagat ion,  digi ta l  c i rcui ts ,  data  transmission, 
etc.  It is these very "vacaum" areas,  requiring .the combined 
focusing of e lectronics  and eronautics, that  are  now surfacing 
and creating the "A!I'C c r i s i s .  If Candidates for focused aero- 
e lectronic  R & D appear i n  such reports as the  DOT Alexander 
report ,  the  ATA-ATC report ,  the National Academy of Ebgineering 
Aero-Electronics reports, the FAA "Natioaal  Aviat>ion Sgsteia" 
report ,  and i n  records o f  the testimoay before Congress.  (See 
Section I1 f o r  a br ie f  smmary of these reports.)  
A few good exaxples of the above aeronautics-avionics 
areas w i l l  be i l l u s t r a t ed .  Again, a separate attack only by 
aeromutics  w i l l  not solve the problems, n o r  w i l l  a separate 
a t tack only by electronic-oriented programs work. It is  only 
a j o i n t ,  f o c u s e d  a t t a c k  u t i l i z i q  -the combined d isc ip l ines  tha t  
can provide resolution of the m a n y  c r i t i c a l   i n t e r f a c e s  between 
aeronautics (the vehicle) and electronics (guidance and control)  
t ha t  w i l l  assure a viable,  workable s o l u t i o n   i n   t h e   f i e l d .  
B. NOISE ABATEMENT 
Noise abatement has been c leaz ly  idea t i f ied  by a e a l y  
every agency examining aviation and i ts  future. Unless means 
a re  found t o  minimize the noise ,  par t icular ly  a t  the large je t -  
ports,  local surrounding camunities will place serioils constraints 
on the growl-11 of aTiation. Already New York, Florida, and other 
s t a t e s  have faced cases where new jetport  construction has been 
rejected o r  legally prevented because of noise and re la ted  prob- 
lems. The capacity expansion of ex is t ing  je tpor t s  i s  now con- 
s idered the best  solut ion.  This cmclusioa,  f o r  example, i s  
s t ressed and restressed throughout the Alexander-DOT report  . 
Somg believe a dec l ine  in  New York City ' s  commerce is a r e a 0  
evident, since public opposition t o  a i rc raf t  no ise  prevents  con- 
s t ruc t ion  of  new airports,  prevents addition t o  o ld  a i rposts ,  
and forces procedures that reduce the capacity of exis t ing air- 
port s - 
Here is  a c l ea r  example where steep angle guidance 
(and/or curved horizontal paths) t o  reduce noise by about 12  t o  
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30 db must be married with the aircraft  dynamics and thrudgh 
hstruments  and displays w i t h  p i l o t  acceptance. Altho-agh it 
has been shown that such an improvement i n   n o i s e  i s  possible a d  
most  desirable (by aeronautics tests--NASA mostly), a prac t ica l  
and acceptable neans i s  lacking for providing such service a t  
major je tports .  T h i s  i s  t rue s ince radio guidance (essential 
t o  this steep angle work for s a f e Q  and. regulatory reasons) has 
n o t  been married either t o  suitable pilo-l; displays o r  t o  the 
f l i g h t  dynamics of the wide spectrum of d i f f e ren t  "pes  of air- 
craf t  serving je tports .  To be effective, steep angle approaches 
would have t o  conform with nearly a l l  a i rc raf t   us ing   the  new ATC 
procedures, md they must obtain acceptance of t he  p i lo t s  via 
new displays, controls, and p i lo t ing  mes  e s sen t i a l  t o  curved 
paths. 
Even though a l l  the elements--abo,ut half  electronic 
and half aeronautical--seem t o  exis t ,  they have never been assem- 
bled into a viable ,  working qs-tem that could be implelnented by 
the FAA o r  Port  Authority in a rlliver' environment such as JFK or 
Los Angeles a i rports .  The use of electronic guidance f o r  steep, 
sepgented approaches that i s  not or cannot be a pa r t  of the Xew 
Microwave Scanning Beam Landing af3stem would be wastsful o f  R & D 
t h e  and funding. A major  f rac t ion  of the aviation community 
i s  now behind accelerating R & D 311 a scanning beam system. For 
exanple, it is  referenced in  the DCT-ATC report ,  Vol. 1, on 2ages 
2, 5, 6, 25, 27,  28, 30, 3 6 ,  78,  85, 86, 90, 91. It i s  also 
noted i n  FAA reports  and DOD rrepol"ts, and t h e  combined (aviation 
community) committee report  of the RTCA SC-117. To m e  other 
guidance techniques f o r  steep angle R & D on noise abatement 
creates confusion, diffusion, and possible defeat of 'both noise 
abate.nent and the development of the new landing srstem. 
Thus, a j o i n t  DOT-NASA project  i s  proposed t h a t  w i l l  
create an "SC-ll7 type" steep -le guidmce systen for noise 
abatemeat x t i l i z i n g  (1) narrow microwave scanning beams, (2)  tbe 
a s soc ia t ed  d i sp lqs  and p i l o t  cues needed t o  fly multiple, seg- 
merted, steep t o  s 5 a l l o w  approaches, (3) t e s% t o  obtain the 
backing of  c r i t i c a l  elements of the aviation community, such as 
ALPA, and (4) the conplete  tes ts  and validation needed f o r  FAA 
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standardization of procedures. These aero-electronic  tes ts  and 
validatiol? hardware must encompass nearly every type aircraft  
(including jumbos and militw) under r ea l i s t i c  f l i gh t  cond i t ions ,  
including evenixal ly  the ful l  transit ion t o  f i n a l   f l a r e  and land- 
i n g  i n  CAT I1 or CAT I11 weather. From a possible 6' noise abate- 
ment path, a nultiple-segmeated  path t o  a terminal %' path is  
typical .  
Although use o f  experimental scanning beams for steep 
angle noise abatement testing does not necessaily involve many 
other aspects o f  t h P  SC-ll7 system, the requirements of st3ep 
approach t o  f la reout  and touchdown m u s t  be compatible. A contig- 
uous, high-capacity guidance signal fo.? a l l  t h ree  func t ions  must 
exist.  Conversely,  separate  guidace  systems f o r  'the  separate 
functions mus-i; be avoided. A new, saf e CAT I11 larldiDg systexa 
and oae tha t  cm crea te  the  des i red  noise  abatement paths,  whose 
"geo;netricstt  suit  each specific aircraft  (each w i l l  differ--so 
a single,  r igSd, noise abatement path i s  unacceptable), must be 
the same basic system and must use the same a i r  and ground equip- 
nent s. 
A CAT I11 landing system a d  a separate noise-abatement 
guidancz system must; be avoided3 the requirements can both be met 
w i t h  scamins  beams. Both objectives =e compatible goals and 
w i l l  cost  large sums t o  t e s t ,  va l ida t e ,  and t o  authorize for rou- 
t i9e service.  But R & D must be accelerated for about a 1975 
goal for t he  sake of av ia t ioa ' s  . fukre .  This t o t a l  progr:m e f f o r t ,  
wben divided into several  sub-projects,  would require a large 
staff  versed in electronics  .technology and a similar large s taff  
versed i n  aeranautics and flight technology and, of  c a u s e ,  con- 
siderable fundhg. 
Usually inadequate  es tha tes  a re  made of  such cos t ly  
aviat ion effor ts .  The lack 0.f sufficient technical undelstanding 
or financial  resourczs and logi.,?al plans f o r  step-by-steg valida- 
tion have created tocla;7's "ATC c r i s i s .  It Detailed plans for staff- 
ing ,  fac i l i t i es ,  resoarces ,  and fundins must be comensurate with 
the magnif;ude of the challenge and not ~.miierestimated as i n  t h e  
pas%.  This f i r s t  exvnple  (noise  abatement)  s-tantls, however, as  
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a n  urgent,  social ,  wiation need; it b lends  aeroxut ics  and elec- 
t ron ics ,  and it  requires focxsing of these discipl ines  0.2 an 
object ive unt i l  it i s  f u l l y  solved. I n  sp i t e  of  mxh excellent 
pas* research of the noise  problem, this approach has as i t s  
goal a successful ,  pract ical  solut ion -thai; the  t ranspor t  a i rc raf t  
c m  a c t u a l l y  use for noise abatment a t  SIUT major je tpor t s .  The 
objective i s  n o t  mother report ,  but iapleaeatatiox based 03 vali- 
dated research and testjag. 
C. SPACDG, VELOCITY, AND SCHEDULING CDNTROL OB AIRCRAFT DN 
FINAL APPROACB 
-" 
Another aero-elec-tronic area comoaly identified by 
several  reports ,  and particularly well  i l luminated in the Dm-ATC 
(Alexander) report, i s  the fact  that  valuable airport  capacity i s  
often wasted simply because no means ex is t  for  ' t t igh t l t  s shedul iw 
in to  and throxghout f i n a l  approach. This includes precise velocity 
and s2acing control between a i r c r a f t  down t o  th reshold  and ro l lou t  
s o  that every available second ( o r  perhaps every few seconds) of  
time i s  ul;ilized.  Often,  because of poor  coDtrol o r  scheduling 
caused by current l i iai tations 0.9 the landiag r u n d a y ,  e i the r  a 
long -time ini;erval between lan6ings occuzs, o r  the  in te rva ls  
become s o  s h o r t  t ha t  a i r c ra f t  must be waved off for safety reasons.  
It i s  estima5ed tha t  a significzQt capacity improvement i n  -JFR 
and especially i n  I F R  ( v i s i b i l i t y  3 miles o r  l e s s )  can he realized, 
The DOT-ATC sownittee Selievea that: "Decrsasing aircraft long-i- 
tudinal separation t o  +do miles could provide s t i l l  another 43% 
increase i n  ca-pacity, 
By also addi-ng a new scanning beam Qicrowave system, 
mult iple ,  paral le l  ranways caa be implemented t o  provide (with 
bo-bh techniques) a doubling (added 100%) of current jetport  capa- 
cit ies--that is, each runway's capacity is  increased, and then 
the airport ' s  capaci ty  i s  increased br multiple, closely spaced, 
p a r a l l e l  runways. If these  ambitious  projectio.as  are t-.rue, o r  
even half t-rue, a ma jo r  portion of the cost  of a new jetport  could 
be saved by adding t o t a l  system capacity through the combination 
of electronic technolob7 and f l igh t  cont ro l  tecbology inc ludbg 
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t h e  p i l o t ' s  a c c e p t a c e  of such. l l . t ightl l  t?affic si tuations.  A 
major  new jetport ?robably costs about 500 lnillim dollars koday. 
Conseqxently, i f  the  tec,%iques or' c loser  longi%xdinal spacing 
work, a vast  national saving can be realized. 
The t o t a l ,  national R & D costs  f o r  a scanning beam 
system could 3 e  amortized with savings a t  one ~r two je tpol t s .  
Then the  ca r r en t  t r a f f i c  f low cons-traints at JF%: airpo.rt,  f o r  
example, t h a t  have already seriously damaged Xew Pork as a2 a.ria- 
t i o n  t r a f f i c  c e n t e r  could  be l i f t e d .  The -total  ilnpact of (1) the 
final longiti ldinal spaciag and schedullng scheme (40%) and (2) a 
new nicrwave landing system with lnultiple, closely spaced runw.~s 
(69%) account f o r  m o s t  o f  the spectacular ATC capacity impro-re- 
mnts suggested by the ATcr3AC (Allxadsr report-). Colsequently, 
t3king then separately (but i n  p a r a l l e l  tiine-wise) allows each 
to >e ixrestigated independently w i t h o u t  f o r  example, waiting 
f o r   f w r  o r  f i ve  yea r s  fo r  t he  f ina l  SC-117 scanning beam szstea 
t o  merge. A l s o  t he  g rea t e s t  pwmt  f o r  investment i s  the  poten- 
t i a l  40% improvemat 06 mo-ail-? spacings. 
It i s  -thiilS proposed -that a technique using currently 
available electronics (that w i l l  no t  be .final f o r  certain reasolls) 
be put together into a jo in t  NASA-DOT progrm 011 f i n a l  app-oach 
scheduling a-[id s p a c k g  c m t r o l .  The f i r s f  ab jec t ive  i s  t o  estab- 
l ish valid aeTo-electronic requirements, becauss l i t t l e   d a t a  or" 
m y  fora ex:ists 02 th i s  cha l leq ing  concspt .  The argumsn-t; here 
d i f f e r s  from the m e  on nois2 abatement since in that case some 
eight years ard perhaps 20 t o  30 mill ion dol lars  of previous R & D 
expQdi tures  a l reaQ d ic tahe  -the .yequirements and the w q  t o  go 
(microwave, v e r t i c d l y  scanned b e m s  SC-117). 
In  this  case (redaced longihdinal  spci-ag)  on17 m i l i -  
tary "statioil-keeping" eqaipmezt has been tested, ar~d th i s  so lu t ion  
is suggested as n o t  being applicable. Nor i s  it suggested that 
the proposed 8AS sy.s%em. i s  applicable since we a r e  i n i t i a l l y  
looking f o r  f-undamental proof  of the  colcept  that  i s  highly opera- 
t ional  in  nakre.  Stat ion keeping and CAS systems each have 
serious l imitations i n  this cancept or" close track spacing and 
track  speed  control.  Furthernore,  the  geonatrics of flight; traclrs 
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on final approach using SSR and/or scanning beams do 30% w a r r a n t  
such complex solutions. A single-file, coordinated track concept 
ty-pifies the requirement, not an omnidirectional, multi-altitude, 
air-derived unguided operation as i n  coaplex CAS o r  s ta t io=-  
keepkg solutions.  A l s o ,  some R & D f l e x i b i l i t y  is warranted 
t o  allow focusing on the t rue aeronaut ics  and electronics  problems, 
To fur ther  expla in  jo in t  ac t iv i t ies  of both DOT and 
NASA an R & D t e s t  t o  evolve requirements is postulated wherein 
severa l  a i rc raf t  are equipped a d  operated a t  a t e s t  base  where 
no t ra f f ic  in te r fe rence  can occur, because the aircraft themselves 
w i l l  c reate  all the  t raff ic  during extensive tes ts .  Thus, a 
remote base (but modern) i s  needed f o r  highly controlled multiple 
a i r c r a f t  t o  obtain the desired approach conditions that are 
descr ibed in  the Alexander report .  Approach separations of  2 
miles, 2.5 miles, and 3 miles are suggested at various approach 
speeds. 
Tight scheduling cri teria of as low as 25 seconds a t  
threshold are a l s o  i n  need of  much validatioa.  By using in  each 
a i r c r a f t  (an SSR and) a DME xnit t h a t  i s  suff ic ient ly  accurate  
and can measure rate  within sui table  accuracy limits, t h e   t e s t  
can be conducted. Each a i rc raf t  conta ins  an electronic signal-  
l i ng  system t h a t  i s  interrogated by means of  a ground-originated. 
time-sequenced "rol l -cal l ,  'I Thus, sequentially in rapid progres- 
sion each aircraft  automatically reports (1) posit ion,  (2)  iden- 
t i t y ,  (3) velocity,  etc. ,  t o  a cen t ra l  ground control ler ' s  dis-  
play system that is  assigned the handling of f i n a l  approach sched- 
ul ing and longihdinal  spacings.  
These signals are displayed t o  the ground control ler .  
Both SSR and the aircraf t  or iginated data tha t  i s  reported on the 
VEF data  link are displayed. A s  a l l  a i r c ra f t  a r e  shown, the con- 
t r o l l e r  will see a "string of beads" type display with each air- 
craf t  ident i f ied and i ts  velocity noted. Command data using a 
BTL (VHF) tone-data system is  used t o  automatically or manually 
control the speed, spacing and overall scheduling t o  each  a i rc raf t  
composing the  ser ies  of approaching aircraft .  Besides usual 
"cross-track" deviation displays,  each pilot  would be provided 
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a display of track velocity,  other commoa-track aircraft, and ATC 
schedules (see also Section V). 
It can be seen that probably a t  l e a s t  10 aircraft should 
be available f o r  such t e s t s  and some ra ther  complex electronics  
i s  required. Ground displays,  pi lot  displays of fore-3nd-aft 
spacing, track velocity,  data-l ink testing (using existing comand 
message capacity and rates ,  rol l -cal l  ra tes ,  accuracy,  e tc . )  are  
a l l  p a r t  of the electronic  effor t .  A commensurate a i r c r a f t  e f f o r t  
i s  essent ia l  t o  plan a se r i e s  of f l i g h t s ,  where a l l  aspects of 
t h i s  concept of  spacing and scheduling and cockpit control of 
track speed are ideatified,  simulated,  air  recorded and analyzed 
s o  t ha t  when oace s ta r ted ,  the  optimum resul ts  are  obtained f o r  
t he  l ea s t  amount of f lying. It is exgected that such a project  
would last 18 t o  24 months, requiring one year of accelerated 
preparations and then one year of  data taking and analysis. 
Most aspects of the spacing and scheduling can be auto- 
mated both i n  t h e  a i r c r a f t  and 03 the  ground. Various levels of 
manual, seaiantomatic, and automatic control should be exmined. 
For exmple, a ground control computer with inputx every 5 o r  10 
seconds for each of t he  10 pa r t i c ipa t ing  a i r c ra f t  computes t h e  
spacing, velocity, etc., of each a i rc raf t  aga ins t  a desired safe 
schedule across threshold, and then comands via the  VHF/BTL 
data l ink those commands t o  each aircraft  necessary t o  provide 
25 second delivery time. Each of the 1c) a i r c r a f t  i s  independently 
commanded in velocity,  spacing, o r  other parameters so as  t o  
create a closed-loop  type of  ATC spacing control. Intervals 
between a i r c ra f t  r epor t s  and commands directed t o  individual 
cockpits of 10, 8, 6, 4, and 2 seconds should be within the capa- 
b i l i t i e s  of  the sdggested available electronics. 
No special developaents, such as the complex SSR Wp-link, I t  
(IPC) intermittent-positive-control, agile-beam antemas, etc., 
are required f o r  t h i s  i n i t i a l  r e sea rch  s t ep .  The main purpose 
of t h e  t e s t s  i s  t o  establish requirements and operational vali-  
dation of the reduced longitudinal spacing comept in  the shortest t ime 
and with thelowest cost   possible so that adequate knowledge will 
exis t  t o  then pursue detailed designs such as the ltIPC1t concept. 
Unless t e s t   a i r c r a f t  of modern dssign are flown under such 
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conditions snccessfully, it would be mwise t o  assume that such 
concepts could apply t o  operat ional  a i r l ine type aircraf t .  
L i t t l e  i s  now h o - r n  of this v i rg in  ATC t e r r i t o r y  of closely 
spaced, t ight ly  control led air  t r a f f i c  a t  low a l t ibx les ,  sched- 
uled t o  close tolerances and other threshold-teminal conditioas.  
New ATC concepts,  pilot  displays,  pilot  philosophy, and a i r c r a f t  
handling properties are tgpical new areas. 
The output of these tes ts  should be used t o  determine 
the   f eas ib i l i t y  of proceeding w i t h  the L-band SSR means, an 
l'up-liak,ll and IPC concepts, o r  al ternatively adding this func- 
t i o n  as a requirement t o  the  new  SC-117 s ignal  fo rma t ,  Other 
a l te rna t ives  than IPC using "broadcast" concepts can also be 
assessed.  Requirements of data rate, data transmission accuracy, 
sensing accuracy, pilot-coupling t o  ATC control, traffic-loading, 
etc., must a l l  be determined first. Based on the requirements 
then established, the system can be evaluated (SSR or SC-117) 
that provides superior data transmission, and it i s  then selected 
as the basic coordinate system t o  which a l l  these multi-control 
funct iom must be related.  A marriage of SSR and SC-117 scanning 
beams seems essent ia l  but  no plans f o r  this now exis t .  These 
t e s t s  w i l l  e s tab l i sh  how this technological marriage w i l l  occur. 
The example of these two techniquesis  now of great 
significance t o  any increase in ATC and airport  capaci ty .  Li t t le ,  
if any, combined aeronautical-electronic data validated by simu- 
l a t ion  and f l i gh t  t e s t s  fo r  c iv i l  j e tpo r t  app l i ca t ions  ex i s t .  
The assumption that CAS or some "station-keeping" project w i l l  
someday  do t h e  c r i t i c a l  job is wishful thinking. These sytems 
are engineered f o r  other purposes and are t o o  complex and unsuited 
f o r  this  appl icat ion.  Some ideas m a y  be useful,  but a responsible, 
focused attack on the special  problem o f  longitudinal-spacing 
and p i lo t  con t ro l  of  track speed in a dense, ATC-civil environ- 
ment is necessary. 
The o3vious need t o  add this longitudinal spacing func- 
t i o n  t o  e i ther  the  SSR or the scanning beam system (possibly 
both are involved) must be resolved in d e t a i l  a s  it is not now 
eTrident which w a y  t o  go. In sp i te  of  t h e  Alexander committee's 
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strong urging and recommendations for  IPC, the complex spacing 
concept i s  not validated. IPC m a y  be placing t o o  much dependence 
on "close-control" and ground computation, leaving the p i lo t  
"open-loop" and "out of the act. I t  (See Sections I1 and I11 f o r  
a further discussion of l'closel' and "broadcast" control concepts 
of ATC.) 
The p lan  herein proposed i s  t o  acquire specific, focused, 
R & D knowledge froa loN-cost, yet well planned and sophisticated 
t e s t s  and analysis. Once acquired, the data and validation are 
applied t o  one or both of the major caadidate systems. Probably 
a dozen coordinated aeronautic and a dozen electronic projects 
w i l l  be required t o  fully hplement this aajor concept -valida- 
t ion program. Involved i s  the most complete cooperation betmeen 
aeronautic and electronic experts. Note that  Table 37 (page 33,  
Vol. 1) of the Alexander DGT-ATC repozt suggests 8 million dollars 
for this R 8G D program, 
D. OTHEX CANDIDATE PROGRaMs FOR JOD!JT DOT-TSC AND NASA  COLLABORATION 
There a r e  probably some half dozen or s o  other programs 
requiring combined disciplines of NASA and DOT-TSC for t he i r  solu- 
t ions that could also be broadly outlined. Each program i s  not 
now receiving anything like the national attention required; yet, 
each program can be shown t o  be c r i t i c a l  t o  the future o f  aviatioa. 
Particularly, increased (ATC and airport) capacity i s  stressed. 
Some are simply l i s t e d  below for consideration. One or two more 
may be of equal value for  i l lustrat ing the techological  approach 
t o  harmonize electronics and aeroxautics by focusing the two dis- 
ciplines jointly (rather than separately) on a significant aviation 
problem. 
1. Curved azimuthal  approaches  flown a t  constant altitude or on 
shallow gradients such as 2 y 0 .  This t e s t  complements the 
steep angle t e s t s  and when completed the two functions sho-uld 
be combined. 
2. A i r p o r t  surface detection systems,  using local devices such 
as hundreds of loops,  feeding a centralized computer-control 
fo r  up t o  200 t ax i ing  aircraft during low-visibility conditions. 
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P i l o t  signalling, central control displays, intersection con- 
trollers, aircraft accelerate-decelerate controls t o  precise 
taxiing  velocities  are  elenents  yet t o  be fu l ly  understood. 
(Note: Table 37 of the  DOT-ATC report suggests 10 n i l l i on  
dollars f o r  this. ) 
3. Establishment of  l a rge  tes t  fac i l i t i es  tha t  a re  combined aero- 
electronic in nature such as a modernized "fog chamber" using 
current knowledge t o  engineer a large, more flexible chamber 
suited t o  steep angles, CAZC 111, VSTOL, and p i l o t  guidance 
display configurations such as HUD (see Section I V ) .  
4. A t e s t   f a c i l i t y  f o r  all forms of airport research with the 
engineering of a major ?test-jetport" on the desert floor 
using dye markings for outlining runways, taxiways, etc. 
This i s  a l s o  a "flexible-  jetport" t o  validate t h e  m a n y  con- 
cepts of  dual r u n w a y s ,  multiple-runways spaced but 2,500 f e e t ,  
wake turbulence related t o  such runwa;gs, and real-world t e s t s  
of large-scale taxi-detection and control-display equipments. 
The exanination, of movements of large aircraf t  that  degrade 
radio.landing beams is also required. Parts of items 1.1, 
1.4, and 1.5 (Table 37 of  ATCAC report) suggest several m i l -  
l ion  dollars of R & D f o r  t h i s  purpose. 
5. A large-scale general aviation (G/A) program commensurate 
with the problem. To avoid the c r i s i s  suggested by  some that  
50,000 co l l i s ion   f a t a l i t i e s  may occur in  a single decade*, 
mostly f rom general aviation (G/A) activity.  A joint  aero- 
nautic-electronic attack is  required. The GA/GA, GA/AC (a i r /  
carr ier) ,  and A/C t o  A/C accidents must be carefully examined 
since they increase with the square of the numbers-3 times 
growth means 9 times the number o f  collisions unless a major 
change i s  inst i tuted i n  ATC o f  general aviation. It appears 
t o  many that unless a low-cost, high-capacity system f o r  
track guidance, navigation, and reporting of position and 
*See an interesting discussion of this hopefully remote possibi l i ty  
i n  Vol. I1 of the DOT-ATC report (pages 404-407), and Table 17 of 
Vol.  I, indicating that G/A accounts f o r  about 90% of near misses. 
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a l t i t ude  i s  n o t  created f o r  GA, they w i l l  no t  be able t o  
afford t o  p a r t i c i p a t e   i n   t h e   t s p e  of fu ture  ATC systems 
envisioned by the  DO%!-ATC report. 
6. A national VSTOL demonstration project has been identified 
several times now as a key t o  obtaining VSTOL service. Seve- 
r a l  l imited tests,  demonstratiors,  and proposals recognize 
t h a t  a total-VSTOLsystem i s  s o  dependent on e lectronics  
t h a t  VSTOL service should not proceed without solutions 
t o  the aeronautic/electronic interfaces. The CAB hearings, 
AA, I?&, and o thers  s t ress  th i s  po in t  o f  harmonizing VSTOL 
vehicles with VSTOLoriented electronics.  C a n ,  i n  the real- 
world of dense AFC, the VORTAC, ILS, SSR, etc., adequately 
serve the VSTOL (as  wel l  as  CTOL). Or, must some of these 
f a c i l i t i e s  and services be supplemented w i t h  other technical 
means t o  be compatible with VSTOL (such as capacity, low- 
alt i tude,  signal coverage, large numbers of remote landing 
s i t e s ,  a b i l i t y  t o  approach at  s teep angles  in CAT I1 and 111, 
segregated from exis t ing CqOL a i r c r a f t  and runways, etc.  ). 
A large-scale demonstration program with 2 t o  3 classes of 
a i r c r a f t  and new VS*’poL or ieated electronics  i s  required. 
Figure 26 i l lus t ra tes  the  concepts  of  the foregoing 
discussion. Note tha t  the  common av ia t ion  in t e re s t s  of both 
agencies are involved in  se lec ted  a reas  tha t  demand the  jo in t  
resources of both and the two technical disciplines they repre- 
sent. Guidelines, by studying in depth the several  reports 
(see Section 11), can seme t o  es tabl ish the ground rules of the 
jo in t  e f fo r t s  of NASA and DOT. 
Tables V and V I  give more specific informatioa by 
describing a balanced list of complementary efforts provided 
by NASA and DOT i n  attacking soae of these ATC problems. The 
f o u r  areas selected here are:  (1) A major incraase i n  a i r p o r t  
capacity, (2) Noise abatement by curved vertical  and horizontal 
f l i gh t  t r acks ,  (3) Vertical separatio-a f o r  ATC, and (4) Airport 
surface control. Some  of t’gese examples aatch the snggested 
establishment of  new ATC t e s t   f a c i l i t i e s  t o  give the ATC systen 
desigaw so5e t o o l s  t o  work with equivalent t o  the wind tunnels 
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CRITICAL 
ATC BREa 
Ma j or 
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i n  
Airport 
Capacity 
~ ~~ 
Noise Abate- 
ment by 
curved az i -  
muth and stee: 
ve r t i ca l  
f l ight   paths  
avoiding 
cornunities 
(as DOT-ATCA( 
suggests) 
TABLE V 
EKAMFLES OF  CRITICAL ATC KREAS 
(IDENTIFIED BY AT LEBST ONE REPORT OF DOT, A U ,  CAB, RTCA, 
sc-117, NU, FAA, HOUSE COMMIIITEE, NASA, I=, THAT 
REQUIRE JOIKT AERONAUTIC BM) ELECTRONIC R AND l3 EFFORTS  F!X  SOLUTION 
AEROITAUTICAL ASPECTS OF A JOINT 
4,EEtONAUTIGS-EI;ECTRORICS R & D PROGRAM 
a. Theory and f l i g h t  t e s t  of t i g h t  speed 
control (as per Alexander report)  
b. 25 seconds at  threshold 
c. Ability t o  f ly  spec i f ic  curved paths 
d.  Wakes, pilot displays, simulation 
e. Adjacent (2,5ClO-foot) mult iple  f l ight  
paths of mix of mult iple  a i rcraf t  
f .  Accuracies and sample rates  re la ted 
t o  f l i g h t  dynamics of  following three- 
dimensional tracks on t i gh t  schedules 
noise measurements; pilot  displays of 
steep angles3 contiguous steep paths 
into landing and touchdown; single path 
steep  mgle ; .curved path,  without 
steep angle; curved path with steep 
angle combined; fl ight research; 
sinulation, analysis,  human factors ,  
a i r c ra f t  use of guidance data equiva- 
len t  t o  new national guidance system 
ZILEC'PRONIC ASmCTS OF A JOINT 
AER~AU'J!ICS-XLETRONICS R &, I) E'ROGEUM 
a. SC-117 scanning beam system 
b. Volumetric coverage accuracy 
c. Four ,  closely (2,500-foot) spaced 
sgstn,ms 
d. ASDE, surface-control, interface 
with scanning beams 
e. Gro-md displays and commands t o  a i r -  
c r a f t  on track, spacing, velocity 
f .  Data links t o  serve all a i r c ra f t  
with super integrity 
Radio guidance system su i t ed  to  jetport 
ins ta l la t ions  and compatible with SC-117; 
C vs Ku bands, DME suited to airborne 
computing and display of steep path; 
mult iple   a i rcraf t  system meeting ATC 
cri teria (not tracking radars);  SSR 
interface f o r  spacings on up-link; 
three dimensional controller displays;  
ATC uses high altitude intercepts 
I 
CRITICAL 
ATC BREa 
Vertical 
Separatiox 
for  ATC 
(All ATC con- 
cepts of con- 
t ro l l ed  or 
uncontrolled 
t r a f f i c  
depend on 
assured 500 
and/or 1,000 
d f ee t  separa- 
cn t ion,   yet ,  00 
estimated 
3 sigma 
errors  = 
650 fee t )  
Airport 
Surf  ace 
Control, 
ComDutation, 
Guidance, 
and Control- 
ler  displays 
TABLE V I  
CONTINUED ExBMpI;ES OF JOINT AERONAUTICS AND ELECTRONICS I N  ATC 
AERORAUTICAL ASPECTS OF A JOINT 
AERORAU!I?ICS-ELECTRONICS R & D PR0,GRAM 
~ ~~~~~~ 
1. Complete re-examination of all baro- 
2. Speed, a t t i tude,  f laps ,  wheels, etc., 
metric airborne sensing errors 
effects  on barometric errors in 
terminal/landing 
in-flight radar data correction, auto- 
calibrate techniques 
3. General aviation sensors, pi lo t  e r rors ,  
4. Flight research 
5. Research means t o  remove water i n  
s t a t i c  l i n e s  
6. Test i n  air-ground radar sensing of 
barometric reference errors 
7. Frontal condition pressure variations 
i n  adjacent ATC sectors 
F ie ld   t es t s  of controlled precision taxi 
speeds of a l l  tgpes of aircraft;  stopping 
distances; delays in comands t o  accele- 
r a t e  t o  specified velocity o r  s t a r t ;  p i l o t  
visual commands and cockpit  instrments;  
l ight ing aids ,  pi lot  guidance by cables, 
l ights,  multiple aircraft  (200 a t  JFK) 
spacing,  speeds 
EU3CTRONIC ASPECTS OF A JOINT 
AERONAUTICS-ELECTRONICS R & D PROGRAM 
1. Examine quality and in tegr i ty  of 100- 
foot use of (data link) barometric 
data  for  confl ic t  and col l is ion avoid- 
ance computation i n  central  SSR data 
processing and displays system 
2. Design-test radar m e w   f o r   v e r t i c a l  
measurement of a i rc raf t ' s  rea l  he ight  
a t  s eve ra l  c r i t i ca l  o in t s  in ATC 
system (ATcAc report7 
3. Data transmission methods t o  coavey 
barometric and vertical  radar height 
data obtained with new ground f ac i l i -  
t i e s  t o  p i lo t s  and ATC center or 
towers.  Test  automatic a le r t  s igna ls  
i f  beyond a given tolerance in  con- 
gest ed airspace 
4. Means for controll ing an aircraft  with 
excessive errors prior t o  landing 
Theory, design and practice of loops, 
cables, passive, active Doppler, I-R 
detection means. Central computer, 
multiplex of signals t o  hundreds of 
sensors; controller displays and auto- 
command signals 
and similar t o o l s  the aeronautics designer has enj3yed f o r  
decades. These e f f o r t s  w i l l  bring a more s c i e n t i f i c  approach 
t o  ATC problem solutions than now exis ts .  
It i s  l i k e l y  that the experience gained from these 
j o i n t  ventures, where the resources of both DOT and NASA are 
combined, w i l l  a l low the design of improved t e s t   f a c i l i t i e s .  
None of  the problens l is ted i n  Tables V and V I  are apt t o  be 
solved i n  aqy simple manner and, in f a c t ,  t h e i r  s o l u t i o n  f o r  
1975 m a y  n o t  suf f ice  in 1985 because of changes in  veh ic l e s ,  
economics, a i rpor t s ,  and other unfoleseen natters. With national 
t e s t i n g  f a c i l i t i e s ,  however, the nany enviromental  conditions 
can be created. The need t o  continue t o  modernize the system 
of ATC requires a continuing use of  val idat ion and t e s t   f a c i l i -  
t i e s .  
E. TEE VALIDATION CONCEPT 
Although val idat ion is in fe r r ed  in  many aspects of 
t e s t   f a c i l i t i e s  and i n  improved scientific approaches t o  solving 
the several  ATC problems, it i s  beneficial  t o  view the concepts 
of  validation somewhat i n  isolat ion.  Maqy of OUT large system 
plans are now so  coaplex that validation is essent ia l  before  any 
serious commitment t o  inplenentation of the systeln i s  jus t i f ied .  
Recent DOD s h d i e s ,  such as the “Blue Ribbon Defense Panel” 
report (Fitzhugh report) t o  the President,  traced the history 
of events related t o  t he  f a i lu re  of complex technological systems. 
The fai lures  could frequent ly  be a t t r ibu ted  t o  the lack of ade- 
quate  val idat ion tes t ing and substitclting poor estimates prior 
t o  the decision process. 
ATC in i ts  en t i r e ty  and many of i t s  sub-elements match 
DOD systems i n  complexity; however, c iv i l  av i a t ion  au tho r i t i e s  
have no experience with such m a j o r  decisions t o  implement such 
large ATC systems as are now envisioned f o r  the future  of aviation. 
Since most elements of the ATC system grew over 20 years and 
usually more from meager beginnings and o b j e c t i v e s ,  l i t t l e  expe- 
rience with evaluating and t e s t ing  major nsw ATC concepts o r  
systems exis t .  The relat ionship between TSC and NASA bears 
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heavily on the validation phases of new ATC concepts and system 
component s . 
What value i s  a sophisticated microwave landing system 
i f  p i lo t s  cannot  u t i l i ze  the  informat ion  for  no ise  abatement o r  
CAT I I I ?  O r ,  even i f  the  low-vis ib i l i ty  CAT I11 landing succeeds, 
of what value i s  such a system i f  lack of surface detection and 
control  prevents  the aircraf t  f r o m  taxi ing of f  the  runway? The 
ATC aeronautics validation tests envisioned do not wait f o r  t he  
f i n a l  system but uti l ize experimental  models of the  ATC system's 
elements, the t e s t  f a c i l i t i e s  s u g g e s t e d  in Section IV. When the 
decision process takes place the inputs t o  the decision makers 
are quantitative,  objective and val id ,  and not  t i ed  t o  past  
practices, regulatory limits, o r  i n e r t i a  of people who a r e  not 
professionally exposed t o  progressive thinking. 
Thus, the ATC val idat ion effor t  i s  imporkant t o  NASA 
as the7 w i l l  often represent the pilot  and analyze the pi lot ' s  
information inputs, examine t h e  a i r c r a f t  f l i g h t  dynamics, and 
re la te  l imi ta t ions  of the physical aspects of a runway and airpor-t. 
These elements, of equal significance with respect t o  electronic 
elements, must be added t o  the formula for a successful improve- 
ment i n  ATC capacity and safety.  
Effectively, because of the future  bi l l ions involved 
in  the  ATC technology, it i s  impossible t o  simply decide "in- 
committee" on a new ATC system element or even a modernized ele- 
nent of a n  o l d  system element. It i s  fa r  more coaplex now (than 
20 years ago when m o s t  ATC decisions occurred) t o  be assured that 
a new decision will succeed i n  the  r ea l  wor ld  of je tpor t s ,  m u l t i -  
path  interference,  teliminal  areas, and  dense t r a f f i c .  Too often 
in  the  pas t  t he  minimum of o2erational and technical sgstem 
evaluation occurred, and when the system expanded o r  floundered, 
nearly conplete re-engineering was n e c e s s q  i n  t h e  f i e l d .  I n  
the past  and with the small ATC investnents of the 1950's and 
ear ly  1960's, this was acceptable if  not even opt ima.  However, 
in  the  fu ture  we cannot afford t o  make any mistakes i n  the deci- 
s i o a  process associated with the modernization of the   na t ion ' s  
ATC sgstem. A new landing system as p a r t  of ATC modernization, 
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which m a y  cost on a national basis some 2 bi l l ion  dol lars ,  must 
be completely validated and the common system operational needs 
must be completely satisfied, before the decision t o  implement 
i s  reached. 
Quantitative data for decision making i s  often lacking, 
o r  it was poor  data taken i n  a manner not adequately objective 
o r  technically valid. Public safety does not allow "on-line" 
t e s t s  i n  ac tua l  ATC. Interfacing in an environmental t e s t  w i t h  
other  ATC system elements i s  essent ia l  as  the kteract ion m q  
defeat one or the other elernent. This offers the arena for: (1) 
the  m m y  conplex pilot   factors  associated with ATC and landing 
t o  be evaluated, (2) whether the f l ight  dynamics is  matched with 
the guidance accuracy or sampling ra tes  of the electronics, and 
( 3 )  an assessment of the legal and regu1atol-y aspects (if new 
exposures such as CAT I11 landings o r  col l is ion avoidance) are 
involved. 
All ATC systems and the i r  elements have limitations in 
one form o r  another. Here we opelationally determine these limits 
s o  as t o  operate at a safe level and t o  assure that implementation 
plans recognize these limits. These limits m a y  be p i l o t  o r  con- 
t r o l l e r  oriented. The limitations m a y  be i n  the  airports,  aero- 
nautics, or f l i g h t  dynamics. Full system validation i s  a r i l l e  
i n  many o t h e r  technologies. ATC has now matured t o  the pojnt of 
public value and costs that  an independent validation capability 
connensurate with the challenge should be established in the 
national program f o r  aviation R & D. Just as the wind tunnel 
and silnilar t o o l s  Bade more of a "science" of aeronautics, s o  tbese 
validation efforts can make a "science11 of ATC tec.hi?ologg, 
greatly reducing the risk of massive system decisions (see Table 
V I I ) .  
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T m L E  TI1 
OpERI1TIONAL VALIDATION I N  "REAL" TEST EXVTRONMENTS 
O QUANTITATIVE  TEST D m A  TO A S S I S T  IN "ICHE DECISION  PROCESS" 
l 3 O V I D E D  PRIOR TO I " E N T A ! I ' I O N  COMMITMENTS 
WILL NEW ATC BYSTEfIS OR EQUIPlGNTS MEET TIIHE OPERATIONAL NEEDS? 
O O P ~ T I O N A I ;  TEST OF INTERFACE OF NEW ATC EIZMENTS WITH OLDER 
SYSTEMS 
EXAMINE PROCEDURES, A I R C W T  AND FLIGHT  LIMITATIONS, HUMAN 
FACTORS, PILOT-COXT!ROLiX3 LIMITATIONS,  SAFETY,  IN-TEI~RITP 
RESULTS REPLACE OR SUPPORT "EDUCATED GUESSES" 
O EMPHASIS ON THE  REALISM  OF THE ENVIROIPENTS AND MISSIONS I N  
ATC 
PROVIDE A COMMDNICATIONS "BRIDGE" BETWEEX PILOTS AND CONTROL 
IERS, EZECTRONICS AND AERONAUTICS, LEGAL AND THEORETICAL, 
AGENCY TO AGENCY 
LIMITATIONS OF SYSTEM AND EQTJII?"TS  UNDER STRESS 03' IXt!ENI>ED 
ENVIRONMENTS 
NASA-Langley, 1971 - 2 CR-1833 
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